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Abstract 
This study centres on conductive polymers with particular reference to those exhibiting 
positive temperature coefficient of resistance (PTC) behaviour. Applications of PTC 
polymers are identified including, with special relevance to this study, automotive 
applications. 
The electrical properties and the structure of a particular conductive polymer that has 
a carbon black conductive filler and exhibits a positive temperature coefficient 
characteristic, have been measured. 
Early problems affecting the testing and service performance of these devices are 
described. Initial concepts of the factors affecting their structure and performance are 
outlined. The importance of the characteristic known as resistance linearity is 
described and its important relationship with device performance is noted. The results 
of a literature survey are detailed. 
Typical materials and manufacturing processes employed for the type of heater circuit 
central to this study are described. 
The results of initial testing and analysis of PTC heater circuits in relation to 
manufacturing process variables, ageing tests and service failure are summarised. 
The results of further testing of heater samples and analysis using advanced 
techniques including Fourier transform IR spectroscopy (FTIR), Calorimetric analysis 
with scanning microscopy (CASM), Auger electron spectroscopy (AES), Static 
secondary ion mass spectrometry (SSIMS) and Laser microprobe mass spectrometry 
(LIMA) are given. 
The structure of the PTC polymer used in construction of the heater circuit is 
examined with a high resolution scanning electron microscope (FEGSEM) and the 
distribution of the carbon filler is determined. Structural changes and changes in the 
distribution of the carbon resulting from thermal conditioning and other stresses are 
investigated. A cause of functional failure of heater circuits in service has been 
identified. 
Conclusions have been drawn and further work proposed. 
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CHAPTER 1 
INTRODUCTION TO POSITIVE TEMPERATURE 
COEFFICIENT (PTC) POLYMERS 
1 General introduction 
The present study represents an attempt to understand the in-service performance of 
heater devices fabricated using positive temperature coefficient (PTC) polymers. 
Although necessarily industrially-applicable, this study aimed to investigate the 
fundamental properties such as structure and chemistry of the materials employed in 
these devices, in order to help understand the electrical response of filled conductive 
polymers. 
Initially this chapter aims to provide a brief introduction to PTC polymers and identify 
a number of relevant industrial applications of these materials. 
Chapter 2 introduces the fundamental concepts of relevance to this study including a 
detailed review of the relevant literature and a discussion of the mechanisms by 
which PTC polymers work; it also identifies possible causes of failure of heater 
devices fabricated using these materials. 
Further to this, in Chapter 3 details are provided of the materials used and the 
fabrication techniques employed in making self-regulating heater circuits. 
The methods for evaluating such heater circuit performance are then detailed along 
with testing methods employed in manufacturing. 
In Chapter 4 critical factors affecting heater performance are identified along with the 
methods used for their investigation. A possible mechanism for failure of the devices 
has been proposed. 
1 
Chapter 5 details the testing methods and analytical techniques that were used in the 
investigation together with the sample preparation procedures. 
Investigation of the critical factors, that are identified in Chapter 4, is described in 
Chapter 6; experimental results and comments are given for each of the factors. 
Determination of the percolation threshold of the polymer composite together with 
calculations and discussion is given in Chapter 7. 
In Chapter 8 examination of the polymer film structure, using advanced analytical 
equipment and techniques, is described. 
The findings of the investigation, as a whole, are reviewed in Chapter 9. 
Chapter 10 contains a review of the findings from an examination of a 
functional failure and uses the combined evidence to propose a failure mechanism 
using conclusions drawn from the present study. Proposals for future work to pu rsue 
issues that, although identified, were not covered in the current research programme 
are outlined in Chapter 11. 
1.1 Background information 
When British explorers discovered the Mayan civilisation in Central America during 
the 1500's they probably also encountered one of the earliest uses of polymeric 
material; the Mayan children played with rubber balls made from the local rubber 
trees 1. Much later, in 1839, Charles Goodyear invented vulcanised rubber 1. The 
vulcanisation process combined natural rubber with sulphur at 132'C. The polymer 
produced is much more durable than natural rubber and is well known today for its 
use in automotive tyres. Later in the1800's came the discovery of starches and 
cellulose that were initially believed to be colloidal in nature. The earliest known 
synthetic polymeric material is Bakelite which was first produced by Leo Baekeland in 
19071,2 and was widely used as an electrical insulator. During the 1920's a German 
2 
organic chemist, Hermann Staudinger, vigorously promoted his theory of the 
existence of long chain molecules - polymers 2. He was ultimately vindicated 
following the development and application of X-ray crystallography at the end of the 
1920's. 
From then onwards we have seen the invention of the polymeric materials with which 
we are now familiar, common examples include: polyvinyl chloride (PVC), 
polyethylene (PE), polystyrene (PS), polyamides, polymethylmethacrylate (PMMA), 
polytetrafluoroethylene (PTFE), polyesters such as poly (ethylene terephthalate) 
(PET), polycarbonate, acrylonitrile-butadiene-styrene (ABS) and polyacetal. 
Polymers have become increasingly important in engineering applications. The 
electronic, automotive and aerospace industries depend heavily on advanced 
polymers such as the high strength and high temperature resistant polyimides1 and 
poly (ether-ether ketone) (PEEK) and specialised plastic composites such as carbon 
and glass fibre filled epoxide and phenolic materials that exhibit very high strength 
while being much lighter than metallic alternatives. 
Whereas 'Bakelite' (Le. PF) and the related formaldehyde based polymers were 
developments are thermosetting and have crosslinked, three-dimensional structures 
when processed and are, therefore rigid and brittle, the majority of materials listed 
above are thermoplastic. Some may be subsequently crosslinked to give extra 
strength or resistance to chemical attack; for example PET may be crosslinked by the 
addition of di- or tri-isocyanates producing a polyurethane structure. 
Most polymers, having covalent molecular bonding and no mobile electrons, are 
excellent electrical insulators exhibiting electrical resistance in excess of 106 ohms, 
and use is made of this in many applications including wire and cable insulation, 
connector mouldings and the moulding of other components where electrical 
insulation is required. In the late 1970's, however, the ability of certain polymers to 
conduct electricity was discovered and in 2000 the Nobel Prize in Chemistry was 
awarded to Heeger, MacDiarmid and Shirakawa for their development in this field. 
Initial work involved polyacetylene which has the conjugated, alternate double and 
single bonds, that have proved to be a basic requirement for polymer conductivity 3.4. 
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The conjugated bond structure involves pi bonds in which the electrons are 
delocalised through the length of the molecule, with valence and conduction bands, 
so that the polymers exhibit semiconductor behaviour. However, their conductivity 
increases considerably after appropriate doping which provides charge carriers by 
removal of an electron from the valence band or addition of an electron to the 
conduction band. Other polymers have now been shown to exhibit conductivity to 
varying degrees; these include polyaniline, poly(N-vinylcarbamide), polypyrrole, 
polythiophene, poly(2-vinyl pyridine) and poly(p-phenylene vinylene) 4. 
Intrinsically conductive polymers have been found to work in a range of applications 
including: batteries, capacitors, light emitting diodes, corrosion control, conductive 
adhesives and inks, EMI shielding, radar I microwave absorption, direct plating, 
sensors and drug delivery systems 3. 
It is recognised that filling of thermoplastics, whether as mOUldings or coatings, is 
widely used to give additional strength and rigidity to moulded items together with 
improved dimensional stability; glass as fibre or particles, is particularly widely used 
for this purpose. Additions are also made to give colour or fire resistance while 
plasticisers are added to improve flexibility and reduce brittleness. 
However, polymeric materials that are normally excellent electrical insulators, can 
similarly or conductive oxides, to produce conductive polymers covering a wide range 
of electrical resistivities; for example these may be in the range 10.2 Q-cm to 108 Q-
cm; for heating applications polymers having resistivities in the range 103 Q-cm to 
105 Q-cm are generally employed. 
The resistivity achieved for specific polymers depends on the amount and type of 
conductive filler used. Carbon black is a typical conductive filler and the relationship 
between resistivity and the amount of carbon added to the polymer is given in 
Figure 1. 
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Figure1: A typical resistivity-carbon loading curve for carbon black in 
polyethylene 5 
A typical resistivity-carbon curve 
for carbon black in polyethylene. 
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1.2 Conductive polymer characteristics 
3 o 
Carbon black % w/w 
Conductive materials may be categorised according to the relationship between their 
resistance and temperature change, as follows: 
ZTC - zero temperature coefficient of resistance. Such materials, for example 
metallic conductors, exhibit a small linear change in resistance with temperature 
5 
PTC - positive temperature coefficient of resistance. These materials exhibit a rapid 
increase in electrical resistance over a small range of temperature. 
NTC - negative temperature coefficient of resistance. A marked fall in resistance is 
seen for these materials as temperature increases. Above certain temperatures, 
typically their melting points, some PTC materials change over to NTC behaviour. 
These characteristics are shown schematically in Figure 2 5. 
Figure 2: To show resistance-temperature behaviour for PTC, ZTC and NTC 
materials 
PYC 
ZTC 
"YC 
Conductive polymers that exhibit the PTC effect are particularly important for heating 
applications since they can be used to produce self-regulating heaters. Investigation 
of the factors affecting the characteristics and performance of heating devices based 
on based on carbon loaded polymers, is central to this research project. 
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1.3 Conductive polymers exhibiting the PlC effect 
1.3.1 Introduction 
A conductive particle filled polymer having a positive temperature coefficient of 
resistance, shows an increase in resistivity, which may be of several orders of 
magnitude, over a small temperature range. It may be assumed that the effect is 
produced by the increased separation of the conductive particles within the polymer 
matrix as the volume of the polymer increases with temperature. lhe effect is most 
pronounced close to the melting point of the polymer and at carbon loading close to 
the percolation threshold 6. PlC behaviour appears to require polymers that have a 
partially crystalline structure and is more pronounced as the degree of crystallinity 
increases; amorphous polymers exhibit little or no PlC effect. In contrast, crystalline 
polymers have a broad melting range and as melting commences a rapid change in 
volume takes place. As separation of the conductive particles increases, the 
electrically conductive pathways are disrupted and a sharp increase in resistance 
occurs. The relationship between volume change and resistance change with 
temperature is given in Figure 3 5. 
Figure 3: Schematic representations of resistivity-temperature and volume-
temperature curves5• 
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A typical resistivity versus temperature curve for a carbon black filled polymer is 
given in Figure. 4 
Figure 4: To show the resistivity-temperature curve for carbon black -
polyethylene 5. 
Logp(n-cm) 
-5 
Resistivity-temperature curve 
for carbon btack-polyethylene. 
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In the example given in Figure 4, it is seen that after reaching a maximum resistivity 
the polymer assumes a negative temperature coefficient (NTC) characteristic and its 
resistivity falls with further increase in temperature 6. 
1.3.2 Automotive applications of PTC polymers 
Of particular interest in the present study is a conductive polymer with a PTC 
characteristic that was developed for heating applications, involved a ter-polymer of 
vinylidene fluoride, hexa-fluoropropylene and tetra-fluoroethylene, filled with carbon 
black. The material was developed for automotive applications with specific use for 
electrically heating, and defrosting and de-icing of external rear view mirrors. This 
polymer was also used in various forms for other applications - see Section 1.3.3. 
Applications of special interest use thin films of conductive polymer combined with a 
pair of electrodes to provide heating elements for automotive applications. These 
applications included car seat heaters, headlamp bezel heaters - to eliminate 
8 
condensation in the lamp housings and, of particular relevance to this research, rear 
view mirror heaters; see Figure Sa. 
Figure Sa: To show applications of PTC polymers in automotive applications 
Rear view mirror heater with direction 
heater indication provision 
Headlamp bezel 
The use of a polymer with PTC properties produced self-regulating devices without 
the need for thermostatic control. Selection of the aforementioned polymer which has 
an appropriate melting range establishes the maximum operating temperature for the 
devices. Here it may be noted that the requirement of such heaters is to raise the 
mirror glass temperature to the melting point of ice, to completely melt the ice or frost 
film on the mirror within a few minutes but then to have further rise in temperature, 
limited to a maximum typically to 70'C, on safety grounds. The thin film of polymer 
may be attached either by lamination of an extruded film or by screen printing a 
specially formulated ink. 
It is particularly important that such devices have stable ambient temperature 
resistance and exhibit similar res istance versus temperature response without undue 
hysteresis. 
The self-regulation produced by the PTC property eliminated the need for separate 
thermostatic control. A particular heating device of this type uses the carbon black 
loaded polymer printed over a copper electrode pattern. The heater circuit design 
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involved in the present study consists of two copper electrodes 'serpentined ' in 
parallel over the heater area and an over-printed, carbon loaded , conductive ter-
polymer film of the formulation previously noted, see Figure 5b below: 
Figure 5b: To show typical rear view mirror heater circuits 
Etched copper pattern Over-printed with C loaded polymer 
It was claimed that the heavily fluorinated polymer offered good stability due to its 
resistance to oxidation when exposed to high temperature and hence would be more 
stable than alternative materials such as : ethylene-acrylic acid co-polymer, ethylene / 
ethyl acetate co-polymer, ethylene / vinyl acetate co-polymer, polyethylene (HOPE), 
polypropylene and polyesters including these cross-liked with isocyanates. A 
production process for heater circuits, based on manufacturing technology developed 
in the USA, was established in the UK in 1992. This will be described in more detail 
in Chapter 3. In short, the copper electrode pattern was produced by a printing and 
etching process, and the conductive polymer was applied by screen printing. Its PTC 
properties were developed by fusing the ink film after printing so that it re-solidified in 
a partia lly crystall ine form. The resistance of the heaters was controlled through the 
carbon loading and hence the resistivity of the polymer film could be determined. 
1.3.3 Non-automotive applications of PTC Polymers 
Amongst other applications for PTC polymer based heating devices that are used or 
have been evaluated are: 
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• Maintenance of the temperature and viscosity of crude oi l during drilling 
operations by heating with extruded tape employing PTC polymer; 
• Aircraft wing de-icing; 
• Medical , e.g. wound dressing temperature control - for rapid healing; 
• Bathroom mirror de-misting; 
• Kennel heaters. 
Figure 6 illustrates a number of such heater circuits; Chapter 2 describes the 
operation of devices in more detail. 
Figure 6: Shows typical heater circuits 
(a) Strip heater 
(c) Panel heater 
(b) Prototype sample 
(d) Medical heater under test-
heater used for accelerating the 
healing of external ulcers 
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CHAPTER 2 
FACTORS AFFECTING PTC POLYMER STRUCTURE AND 
PERFORMANCE 
2. A summary of factors that influence electrical performance 
2.1 Literature review 
The behaviour of carbon loaded conductive polymers such as those employed on 
heater circuits has, so far, been the subject of investigations centred around design 
and proces~ factors involved in their manufacture. However, initial conclusions 
remain tentative and further work is required to identify the chemical, physical and 
structural properties of the particular conductive polymer type, that determine the 
operating characteristics and potential failure mechanisms of the heating devices. 
The results of a review of relevant literature relating to the behaviour of conductive 
particle, including carbon loaded polymers are now reported. 
2.1.1 Conduction mechanism and the importance of percolation theory 
in relatively simple terms it has been observed that the electrical conductivity of 
carbon loaded polymers is determined by the level of carbon loading and the 
distribution of the carbon particles with the polymer matrix; see Fig 8, Section 2.2. 
However, the actual situation is much more complex. 
The carbon may be distributed as individual particles, a few tens of nanometres in 
diameter or aggregates of particles a few hundred nanometres in size or as much 
larger, loosely bonded, agglomerates. For a given carbon loading, the larger the 
aggregates and agglomerates the more likely is the occurrence of gaps in the 
carbon-to-carbon chains through the polymer, hence the higher the resistivity. 
Modelling of the polymer-carbon structure has involved a consideration of percolation 
theory. As carbon is added to the polymer there is little initial effect on the electrically 
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insulating properties of the polymer but above a certain level of addition, the 
percolation threshold, there is a step change and the polymer becomes conductive. 
Further addition of carbon produces a steady increase in conductivity. 
2.1.2 Percolation theory 
Reference to percolation theory is made in most of the relevant papers in this field 
and at this stage a review of the percolation concept is appropriate. 
The existence of conduction thresholds in mixtures of conducting and non-conducting 
materials is well established. For example, Kirkpatrick 7 reported the introduction by 
Broadbent and Hammersley in 1957, of a concept of a lattice percolation model 
which was based on the flow of a fluid through a porous medium. The model required 
the fluid to flow through interconnections between the lattice sites; they called the 
interconnections, "bonds". In the context of the present study, the "sites" are the 
carbon particles and the "bonds" are the contacts between them; the "fluid" is the flow 
of electrons. If either "bonds", i.e. a conduction path between particles ("sites") or the 
"sites" themselves are missing then no electrons can flow through that pathway. 
Detailed studies have been made of percolation for all common lattices, including 
face centred cubic (FCC), body centred cubic (BCC) and simple cubic (SC) using 
statistical and analytical techniques. The results of this work, in particular the 
tabulation of cluster properties, have proved to be quite accurate and useful in the 
description of local properties of random systems. 
A picture of a percolation threshold may be described in terms of the stages of site 
percolation on a lattice that contains N sites, with N a large number. Quantities 
relevant to percolation are defined in the limit N-->oo and will depend upon x, the 
concentration of "allowed" sites, and the geometry of the lattice. When the 
concentration of allowed sites is low (x « Xc), the allowed sites, i.e. carbon particles, 
occur singly or in small isolated clusters of adjacent allowed sites. As x increases, 
larger clusters occur, and the mean size of the clusters increases. As x approaches 
Xc from below the critical concentration, the larger clusters begin to merge, creating a 
few extremely large clusters, so that, in the limit N-->oo the mean cluster size diverges 
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at xc. For any finite N this implies that there is a completed path of adjacent allowed 
sites crossing the system, and thus current flow through the system becomes 
possible; this is the percolation threshold and the system - the carbon loaded 
polymer - becomes conductive. 
A review of the structure and percolation properties of conducting film composites 
was made by Vysotskii and Roldugin 8. Within a general review, the importance of 
percolation theory and the fractal geometry of aggregates was discussed in relation 
to colloidal systems and relevance to carbon black aggregation. A consideration of 
fractal geometry makes it possible to quantify the disordered structure of particle 
aggregates by determination of their fractal dimensions. The relationship between the 
number of particles N in a cluster and its characteristic size R is given by: 
N - RD .................... Equation 1 
Where R is the radius of gyration of the cluster and D is the fractal dimension of an 
aggregate. 
The most widely used method for determining the fractal dimension, D, of colloidal 
aggregates is by numerical analysis of images produced by optical microscopy or 
scanning electron microscopy. This approach, although widely used, is only 
applicable to aggregates that are sufficiently loose for the necessary measurements 
and numerical analysis to be made. Analysis of carbon particle aggregates at and 
above the critical carbon concentration suffers from this limitation. 
X-ray or light scattering methods have also recently become more widely applied 8. 
They use the angular dependence of the intensity of the scattered radiation with the 
relationship: 
where: 
I(q) - q-D ..................... Equation 2 
q = (2rr I A) sin(9 I 2) 
A is the wavelength of the incident radiation 
9 is the scattering angle 
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Various methods of modelling aggregation of particles, including numerical analysis, 
were summarised in reference 8. The use of the Monte Carlo method for numerical 
simulation and determination of the percolation threshold, in particular, is noted. The 
Monte Carlo methodology 9 is an iterative process; it involves inputting random 
numbers to a parametric model, e.g. y = f(x), recording the output values and 
analysing the results using statistical techniques. The inputs are generated by 
random selection from probability distributions around existing data. 
Considering a two component system, whose single components are characterised 
by good and poor conductivity, as the concentration of the conducting particles 
increases, beginning with very low values, small particle agglomerates are first 
formed in the system. Then the conducting single clusters begin to form. The mean 
size of the conducting clusters is characterised by the so-called correlation length, ~. 
Figure 7: To show the correlation length of a conducting composite at P > Pc 8. 
Note that P is the volume fraction of conducting particles and Pc is the critical volume 
fraction below which conduction does not occur. These values will be discussed later 
in the text. The concept of correlation length ~ is also retained at P < Pc; in this case 
it characterises the mean size of isolated clusters composed of conducting particles. 
The ~ value increases as the lower boundary of the percolation threshold is 
approached, and at the moment of formation of infinite cluster it becomes equal to 
infinity. 
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Further increase in conducting particle volume fraction leads to an increase in the 
density of the infinite conducting cluster due, first of all to the absorption of the largest 
finite clusters. Consequently the mean size of the finite clusters, and hence of the 
correlation length, is decreased. 
At the percolation threshold, with the concentration of conducting particles equal to 
Pc, conducting bridges are thrown across the single clusters. These bridges may be 
composed of single particles and their aggregates. Thus the originally isolated 
clusters are combined into an infinite conducting cluster (I C) and the non-conducting 
system is immediately converted into the conducting state. 
The paper by Vysotskii and Roldugin 8 also reviewed work relating to metal filled 
conducting polymer composites. The unique electrophysical properties of such 
materials and the possibility of their wide practical application was noted. 
A paper by Chmutin et a/.1o was quoted; this referred to the possible presence of thin 
polymer interlayers between the conducting particles. The separating layers could be 
tens to hundreds of Angstroms thick, depending on the properties of the polymer, the 
concentration of the filler and the method of preparation of the composite. In this 
case, their conductivity is determined by the interlayer thickness, rather than the 
conductivity of the filler particles and was attributed, dependent on film thickness, 
temperature and field strength, to electron tunnelling, or ionic conductivity. In the 
case where particles of ferrous metals are employed as fillers, the oxide layers, 
which also exhibit isolating properties, may be formed at the particle surface. This 
last statement must also apply to any insulating surface film on the conductive filler 
particles. This could be oxide or other product of chemical reaction or physical 
mechanism. 
A proposition of Gul' and Shenfil' was reported 8, in which it was suggested that the 
interlayers may be squeezed from the inter-particle region, or the oxide layers may 
be broken, because of internal stresses arising during the polymer curing process. In 
this case, small and variable contact areas are formed between the particles and the 
nature of the contact area is responsible for the, transient resistance. The presence 
of thin isolating inter-layers in the particle contact zone and a transient resistance 
leads to the appearance of a wide spectrum of resistance values inside the system 
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and thereby, to the difference of the percolation properties of real conductive polymer 
composites from those of the models. 
In view of the possibility of a wide range of resistance values for the same composite 
composition, it follows that the critical transition from non-conducting to conducting 
state can occur of a range of filler concentrations. Morozovskii and Snarskii are 
reported as calling this a region of 'smearing' and is the width of the range of 
percolation threshold values 8 
It has been proposed that since the 'smearing' effect results in a range of percolation 
thresholds for the same system, then: 
where: 
P exp_ptheor/ Et· 3 c - ca.................... qua Ion 
Pc exp is the concentration of conductive filler determined experimentally; 
pctheor is the percolation threshold calculated from a particular model 
representation; 
a is a coefficient that represents the deviation of percolation threshold 
from pctheor. 
a may be dependent on the filler shape, polymer matrix viscosity, the degree of 
compatibility of with matrix with filler, the conditions of the conductive polymer 
composite formation and on many other factors, which cannot always be controlled. 
The importance of filler-filler and filler-polymer interaction energies is stated and the 
paper by Chmutin et al is noted 8. 10. 
If the interaction energy between filler particles is lower than that with the polymer 
matrix, the polymer will tend to bond to the filler and cover each particle with an 
insulating polymer boundary layer; the value of a will be reduced and hence the 
actual value of the critical volume fraction of filler increased. If the reverse is the case 
and inter-particle interaction energy is higher than the filler - matrix interaction 
energy, the value of a will be increased and the critical volume fraction will be 
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reduced; direct contact between filler particles and the formation of chain structures 
is favoured. 
When conductive polymer composites, i.e. with P > Pc are heated, there is an abrupt 
decrease in conductivity. This is generally attributed to expansion of the polymer 
being greater than that of the filler, resulting in rupture of bonds between clusters and 
filler particles within clusters. In effect, heating the conductive polymer is equivalent 
to a decrease in the concentration of the filler particle concentration and hence a 
decrease in electrical conductivity. 
The relationship between composite film thickness and percolation threshold was 
studied. Nickel powder was used as the filler; two types were employed having 
particle diameters of 1IJm and 81Jm. The particles had rounded shape and a porous 
structure. Epoxy resins cured with polyethylene polyamine were used as the polymer 
matrices. Film thicknesses were 40, 90 and 500IJm over an area of 0.5 x 3 cm2 • The 
experiments demonstrated that as the film thickness decreased, the value of the 
threshold concentration increased. Hence, the value of the percolation threshold is 
also to a considerable extent dependent on the physical particle size and the type of 
polymer matrix. For small particles the percolation threshold is lower, which is related 
to an increase in the probability of chain structure formation8. 
The dependence of the conductivity of films 500l1m thick on the curing temperature 
was investigated by Vysotskii and Roldugin 8.The results of these measurements at a 
constant value of the volume nickel particle concentration (10%) showed a maximum 
conductivity, for the nickel-epoxy resin composite investigated, in the 40·C to 80 ·C 
range. This could indicate intense oxidation of the nickel particles with an increase in 
the curing temperature, although this temperature seems low for the promotion of 
oxidation or indeed the formation of metal-organic complexes to form. 
The formation processes of the conducting structure in curing metal-filled polymer 
composites is described as consisting of four stages, as the concentration of the 
conductive particles increases: 
• Aggregation of the filler particles 
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• Combination of the particle aggregates into the primary geometrical infinite 
cluster( IC). 
• Squeezing of the polymer interlayers between particles inside the aggregates 
and between the aggregates, that is the construction of the IC with tunnel 
conductivity through the remaining dielectric interlayers (mainly oxide films) 
• Breakdown of the remaining dielectric interlayers, i.e., transition to the IC 
contact conductivity. 
Because the internal stresses arising in the course of curing in thin films are an order 
of magnitude smaller than in thick films, the evolution of the conductivity in thin films 
occurs only in three stages, even at 1 OO·C. The conductivity of these films above the 
percolation threshold is determined by tunnelling through the oxide layers covering 
the nickel particles. As the curing temperature decreases, the thickness of polymer 
interlayers between the particles increases, thus decreasing their tunnel conductivity 
and increasing the percolation threshold because ofthe bond rupture in the infinite 
cluster skeleton in those cases where the polymer interlayer thickness exceeds the 
distance determining the extremely low probability of tunnelling. Moreover, a 
decrease in the thickness of the oxide films only slightly affects the conductivity, 
because the key role is probably played by the polymer interlayers. 
The conclusions drawn by Vysotskii and Roldugin from the factors reported above 
were: 
• Fractal characteristics of particle aggregates in dilute dispersions and a 
percolation cluster coincide. 
• Several percolation thresholds may be observed in a system. These 
thresholds are associated with various conductivity mechanisms whose 
implementation is determined by the procedure of dispersion, preparation and 
the external effects. 
• Fractal characteristics of the percolation cluster are not changed during the 
transition from one conductivity mechanism to another. 
• Surface modification of the particles slightly affects the aggregate fractal 
characteristics and the position of the percolation threshold. 
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Prediction of electrical conductivity for a conductive polymer containing a certain 
volume fraction of conductive filler requires knowledge of the percolation threshold 
for the particular material; unfortunately, this may vary widely, being itself dependent 
on a range of factors, including: 
The type of conductive filler, e.g. carbon - and factors that affect its conductivity such 
as: 
• particle size; 
• surface area I porosity; indicated by its di-butylphthalate (DBP) 
absorbancy ; 
• surface condition of particles, e.g. impurities, oxidation, pH; 
• surface electrical charge 
A consideration of a number of these factors has been reported by Oguibe and co-
workers albeit for an insulating adhesive matrix loaded with conductive spheres 11.12. 
Their study of anisotropic conductive adhesives considered relatively thick adhesive 
layers up to 220 micrometres, and micrometre-scale filler particles and so is not 
directly related to the present study. However, the mechanisms of conduction have 
been described across conducting particles in close proximity to each other and the 
possibility of anomalous structures at interfaces have been described. Importantly no 
direct evidence for the presence of thin, insulating layers at contact surfaces have, 
however, been presented in these studies. 
The distribution of the particles is initially affected by the manufacturing process; the 
method of mixing I incorporation of the filler, the type of polymer, its melt I mix 
viscosity and its degree of crystallinity. There is indication that the carbon particles 
are distributed around the crystalline areas of semi-crystalline polymers 13 
An important factor in determining carbon distribution is interfacial energy. This is of 
particular relevance in the case of polymer blends where uneven distribution between 
phases results from greater affinity of the carbon for a particular polymer phase 14.15. 
In such situations surfactants are commonly added to the fillers to achieve 
compatibility. 
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An alternative explanation of anomalous percolation transition is based upon the 
generation of a negative charge on the surface of the conducting filler particles 
induced during the mixing process. Such a charge would produce electrostatic 
repulsion which would tend to separate the individual particles. The barrier produced 
by this repulsion would only be overcome above a certain level of filler loading, when 
the Brownian motion would cause inter-particle collisions and the combined 
aggregate would be stabilised in a potential energy well 16. 
If electrically conductive particles are added to a non-conductive matrix, there will be 
no effect on the conductivity of the composite until sufficient particles have been 
added to form conductive pathways through the material. In a simplistic approach, it 
would be necessary to establish particle-to-particle contact by adding sufficient 
particles of the conductive material to give a close packed structure in the volume of 
the composite between measuring electrodes; that is up to the point where the last 
particle to be added completes a conductive pathway. Further addition of particles 
would increase the electrical conductivity up to a value achieved when the volume 
had been completely filled with the particles. In practise, this situation is not achieved 
and indeed is not necessary. 
The mechanism of conductivity in metal-polymer-metal structures has been studied 
by Efimenko et a1.17, using a 2 IJm thick film of polystyrene as the insulating dielectric 
between vacuum deposited silver, aluminium and gold electrodes. Current - voltage 
characteristics of the structures were measured over a range of temperatures 
between 20·C and 240·C. Their findings involved the effect of temperature on the 
dielectric constant of the polymers and its relation to electron tunnelling mechanisms 
and Schottky and Pool-Frenkel theories.The influence of electron tunnelling on 
conductivity in the region of the percolation threshold was also explored by 
Radhakrishnan 18. 
An electrical model for a metal electrode I conductive polymer I metal electrode 
system has also been proposed by Hampl and Bouda 19. This was based on heating 
cable consisting of two tin coated wires embedded in conductive polymer. In their 
study, Hampl and Bouda proposed two types of conducting pathways; one 
continuous without gaps between conducting particles or between conducting 
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particles and metal; the other, with gaps which may be within the polymer between 
particles or at the polymer metal interface. In the latter case it was suggested that 
the gap may result from the presence of an oxide layer which would be expected to 
produce both non-ohmic behaviour and a potential barrier with diode character. It is 
the presence of discontinuities in the carbon particle chains or at the polymer metal 
interface that can lead to non-ohmic behaviour. This behaviour has been observed 
for certain of the heating devices that formed a central feature of the experiments 
already reported. 
The results of work to investigate the influence of the structure of polymer - carbon 
black composites on PTC I NTC effects has previously been mentioned 13. In 
particular the effect of crystallisation history on PTC and NTC characteristics of 
poly(vinylidene fluoride) (PVOF) - carbon black composites was studied by Zhang et 
al. It was concluded that the greatest PTC effect occurs just above the percolation 
threshold; the latter is determined by the type of polymer and the conductivity of the 
carbon black 20. Furthermore, it is shown that the conductivity of carbon black is 
related to its loading, surface area, structure and porosity. 
Wide-angle X-ray diffraction and differential scanning calorimetry 13 have been used 
to identify the morphologies of PVOF crystals over a range of temperature and to 
determine their effect on the resistance characteristics of the composites. The results 
supported evidence that the carbon black particles concentrate in the amorphous 
areas surrounding the crystalline regions of the polymer. It was concluded that the 
PTC effect is caused by expansion of the crystalline areas and the NTC effect 
resulted from the high energies of the carbon black and the low shear strength of the 
polymer above its melting point. 
A study by Chen et a/ 21 examined the conducting behaviour and stability of 
conducting polymer composites. The composites, in this case, comprised non-
conducting polymers, polyethylene( LOPE) and polystyrene(PS), loaded with an 
intrinsically conducting polymer, polypyrrole. The polypyrrole was added to the 
matrix polymer as a powder having a particle diameter of around 500nm. The 
conductivity of the composites was measured over a range of polypyrrole loading. 
Scanning electron microscopy was used to examine the microstructures of the 
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samples. The results were compared to the requirements of percolation theory which 
was stated to apply to conductive particles embedded in a continuous insulating 
medium. 
A prediction from percolation theory 21 gives conductivity (a) dependence of the form: 
a = ao(p - Pc)t ...................... Equation 4 
Where: 
• P is the volume fraction of the conducting species 
• Pc is the percolation threshold 
• ao is the conductivity of the conducting species 
• t has been reported as within the range 1.5 to 1.75 for a three-dimensional 
system. 
Scher and Zallen 22 were reported in a paper by Kirkpatrick 7, to have determined 
that for a matrix of spheres on a regular lattice that Pc had values of 0.15 in three 
dimensions and 0.45 in two dimensions. 
Chen and his co-workers 21 also used the above formula in the interpretation of their 
results. It was concluded that conducting particle filled composites obeyed the 
percolation power law, although they found a value for t of 2.10 for a given 
conductive filler and insulating matrix. The power term t is material specific. 
In a further related study, Sumita and co-workers 23 examined the electrical 
conductivity of polymer blends filled with carbon black and the dispersion of the filler 
in the polymer matrix. They employed blends of high density polyethylene (HDPE), 
polypropylene (PP) and polymethylmethacrylate (PM MA). They concluded that 
uneven distribution of the filler particles is due to difference in affinity of the filler for 
the different components of the blend matrix. They also noted that the carbon black 
particles, the filler, may be distributed either uniformly in one phase of the polymer 
blend or it may be concentrated at the interface between the components of the 
blend. The type of distribution and filler concentration affects the electrical 
conductivity of the composite. 
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The importance of the properties of the filler particles, in particular their size, in 
determining threshold concentrations was noted by Malliaris and Turner 24 
In the paper by Flandin et a1 16, which examined anomalous percolation transition in 
carbon black-epoxy composite materials, their experimental results for the 
measurement of the variation in electrical conductivity with the amount of carbon 
black filler, were in disagreement with the predictions of statistical percolation 
theory1B. This assumes that the increasing electrical conductivity is due to the 
formation of a network of filler particles within the polymer matrix and it increases 
sharply when the content of filler particles exceeds the percolation threshold for the 
system. The disagreement of the results with the statistical percolation prediction was 
explained by a change in the state of the filler from a random distribution to an 
agglomerated state above the percolation threshold. This conclusion was supported 
by the evidence from optical micrographs of cured samples. The work of Harbour, 
Walzak and Veregin was also noted 25; they showed that the mixing process for 
incorporation of the filler may be introducing an electrical charge on the carbon black 
particles. The mutual repulsion between carbon black particles, due to negative 
charge on their surfaces, could be overcome during the curing process when, if the 
energy of the collisions resulting from Brownian motion is sufficient, the energy 
barrier due to the electrical charge is overcome and the particles are aggregated in a 
potential energy well. 
2.1.3 Non-ohmic behaviour 
Non-ohmic behaviour of this type of PTC polymer based heating device, may be 
attributed to discontinuous conductive particle pathways through the polymer matrix 
so that conduction of electrons requires that they tunnel through thin polymer 19. 
Such a mechanism for electron conduction is voltage dependent so that the 
resistance of the device, as a whole, assumes a non-ohmic characteristic. The lower 
the carbon loading, and the closer to the percolation threshold, the more numerous 
are the discontinuities and the more pronounced the non-ohmic characteristic and 
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the greater the resistance linearity factor. The resistance linearity factor is defined in 
Section 3.5. 
In the case of the particular type of device, which is central to this investigation, the 
discontinuities may be within the polymer layer or at the interface between polymer 
and electrodes. 
2.1.4 Anomalous percolation transition 
The paper by Flandin et al 16 examined anomalous percolation transition in carbon 
black-epoxy composite materials. It was concluded that their experimental results for 
the measurement of the variation in electrical conductivity with the amount of carbon 
black filler were in disagreement with the predictions of statistical percolation theory. 
This assumes that the increasing electrical conductivity is due to the formation of a 
network of filler particles within the polymer matrix and it increases sharply when the 
content of filler particles exceeds the percolation threshold for the system. The 
perceived disagreement of the results with the statistical percolation prediction was 
explained by a change in the state of the filler from a random distribution to an 
agglomerated state above the percolation threshold. This was supported by the 
evidence from optical micrographs of cured samples. It was also noted that it had 
been shown that the mixing process for incorporation of the filler may be introducing 
an electrical charge on the carbon black particles 16.25. The mutual repulsion between 
carbon black particles due to negative charge on their surfaces, could be overcome 
during the curing process when, if the energy of the collisions resulting from 
Brownian motion is sufficient, the energy barrier due to the electrical charge would be 
overcome and the particles become aggregated in a potential energy well. It was 
proposed that below the percolation threshold, the particles were maintained in a 
randomly dispersed state by the mutual repulsion due to the surface negative charge. 
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2.2 Initial concepts 
At the early stage of this investigation, concepts were developed based on practical 
experience of performance of the heating devices and the functional problems that 
were encountered during testing and service operation, together with elements from 
the literature reviews reported in Section 2.1. These ideas will now be outlined. 
Schematics showing the initial concept relating to the distribution of carbon in the 
polymer matrix are given in Figure 8. The conductivity of carbon loaded polymers 
may be explained by the formation of continuous or nearly continuous chains of 
carbon particles, from electrode to electrode across the polymer matrix. 
It is thought that the carbon particles form aggregates that can link into chain-like 
agglomerates, and if sufficient carbon is present will provide conductive pathways 
through the polymer. Breakdown of the carbon agglomerates or chains can occur 
during initial mixing of the material or subsequently during melting of the polymer 
base during processing, or possibly if temperatures in excess of the polymer's 
melting point are seen during use. 
Clearly there must be a minimum amount of conductive filler, e.g. carbon, to provide 
initial conductivity to an insulating polymer. The higher the carbon loading, above the 
minimum level, the greater the probability of carbon - carbon contact and the smaller 
and less numerous any polymer filled gaps across which electrons must pass and 
hence the lower its resistivity. The results of a review of studies describing work 
relating to the conduction mechanism in carbon loaded polymers has been given in 
Section 2.1. 
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Figure 8: Schematic diagrams to illustrate the concept of carbon distribution 
in PTC polymers 
Air dried - no heat applied 
After cure: fusion and solidification 
Generally uniform distribution of 
aggregates of carbon particles forming 
an interlocking matrix of conductive 
pathways between the copper 
electrodes. The aggregates of 
individual carbon particles, 
approximately 50 nm in 'diameter', may 
be 150nm to 500nm in size. 
In this form the film has relatively low 
resistance but does not exhibit a PTC 
characteristic. 
The resistivity of this matrix is 
determined by the number of 
conductive pathways and hence by the 
amount of carbon in the polymer. 
During the curing process the polymer 
is fused and the carbon becomes 
mobile. It collects into clusters of 
aggregates, breaking up the carbon 
chains and so leaving fewer conductive 
pathways between the copper 
electrodes. On cooling and 
solidification, this structure has higher 
resistivity that determines the 
properties of the heater. 
In normal service the heater will not 
reach temperatures above the melting 
point of the polymer and its resistance 
will remain within the design limits. 
When heated to 90°C for 48 hours, 
more fusion occurs and so further 
structure change and disruption of 
pathways occurs - resulting in a small 
increase in resistance after recovery. 
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It is evident that close control must be exercised during processing of these materials 
if identical conducting pathways are to be established leading to consistent and 
stable resistivity. This also indicates that subjection of a PTC polymer to a 
temperature in its melting range will alter the structure of the matrix and hence 
distribution of the carbon and resistivity of the polymer. 
2.3 Nanotechnology and the structure and chemistry of the carbon black 
conductive filler 
Here it is opportune to note the relevance to this work of nanotechnology and in 
particular nano-particles. These are generally accepted as particles having at least 
one dimension less than 100nm. 
Nanotechnology in general, is much to the fore in current research and this includes 
investigation of the structure and properties on nano-particles and their applications. 
They are finding use in a whole range of applications where the properties of the 
products depend on the properties and behaviour of materials at the molecular level 
and upwards. 
Polymer nano-composites involve the incorporation into polymers, of nano sized 
particles including clays, ceramic powders and carbon nano-tubes 26.27.28. 
Nano-particles have a high surface area in relation to their volume and this reduces 
the amount offiller required to produce required properties in coatings. They can be 
dispersed in coatings without the need for toxic solvents. 
The hollow sphere nature offullerene molecules, offers medical researchers a 
potential means for introducing drugs into the body. 
Nanotubes are an extended form of the fullerene molecules and have extraordinary 
properties, offering researchers exciting possibilities for their application. These 
include very high strength composite materials, molecular electronics, nano-scale 
machines, vehicles for targeted drug delivery, hydrogen storage in fuel cells and flat 
panel TV displays 26. Nanoclays have layered structures and are widely used in the 
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automotive industry to provide improved corrosion and wear resistance. Their use as 
additives in coating formulations has been studied at Loughborough 27. There are, in 
fact, a multitude of applications for nano-particles in medicine, printing, 
semiconductors, sensors, surface coatings and wear and corrosion resistance and, 
no doubt, many others. 
An important characteristic relating to the very small size of the particles, is their 
diffraction of light rather than its absorbance. This results in transparency of 
composites which, when necessary, permits curing by UV radiation 28; a feature that 
is friendly to production processes. 
With respect to this work, the relationship of the carbon black filler used in the 
conductive polymer composites to nano-particle technology is important. Carbon 
black particle sizes are within the range 8 nm to 300 nm 29 and so at the lower end of 
this range can be classed as nano-particles. The smaller particles are typical of 
furnace blacks while the larger sizes are produced by other thermal processes. 
Much of the research into the structure and properties of carbon blacks is associated 
with improvement in the performance of automotive tyres where the smaller particle 
sizes give greater abrasion resistance, reinforcement and tensile strength when used 
as fillers in rubber compounds. 
A major milestone in understanding the chemistry of carbon came with the discovery 
of a new form in addition to graphite and diamond; namely fullerene, in 1985. The 
discovery is credited to Professors Kroto, Smalley and Curl who received the Nobel 
Prize in Chemistry in 1996 for their work 30 In this form the carbon atoms are linked 
into a hexagon based structure by Sp2 bonds, the hexagons being formed into single 
spheres or tubes. The complete spherical molecule contains 60 carbon atoms (C60) 
although C70 form has also been identified; this has an oval rather than a spherical 
shape. This form of carbon was named fullerene after Buckminster Fuller who 
devised the geodesic form similar to the C 60 molecule; the C 60 molecules have 
become known as 'buckyballs'. 
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There is evidence that fullerene spheres are at the centre of the carbon black 
particles. The size of the particles is increased by carbon attaching itself to the 
surface of the fullerene molecules 31. 
In the alternative structure the carbon atoms can be drawn out into tubular shapes a 
few nanometres in diameter, one end of which may be closed by a hemisphere of the 
buckyball structure. Nano- tubes have been produced with lengths in the micro-metre 
range and claims have been made for lengths up to centimetres. 
Such nano-tubes involving molecular bonding, have high elastic modulus and 
enormous relative tensile strength. They also exhibit very high thermal conductivity 
and unique electrical properties; 'metallic', single walled nano-tubes display very high 
electrical conductivity. When used as a conductive filler in polymers, the amount 
required to give a specific conductivity is an order less than is the case for normal 
carbon black filler 30.32. This is one of the reasons that carbon nano-tubes have 
attracted a great deal of research and industrial interest. 
The grade of carbon black that has been used in the present study, where the 
development of electrical conductivity in a polymer base is the objective, has a 
claimed mean diameter of 55nm 29, so that it is well within the nano-particle size 
range. The particle size was confirmed by the measurements within this study, is 
reported in Section 8.6. 
It may be noted that the physical properties of the materials forming the nano-
particles differ significantly from those of the bulk materials. The proportion of atoms 
in the surface of particles in relation to those within the particles, becomes much 
more significant at the nano scale. In this situation the surface properties of the 
carbon black particles are of major importance in determining interaction with 
polymers and the properties of composites. 
A detailed investigation of the influence of the structure and chemistry of carbon 
black on the behaviour of the PTC polymers, is proposed in Chapter 11, dealing with 
Future Work. 
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2.4 The Problem 
2.4.1 Functional failures 
During 1997 and 1998 large numbers of mirror heaters were returned from service 
having become non-functional due to the development of high resistance. As a result 
this study was instigated to investigate the possible failure mechanisms. The aims 
being to determine the influence of material and process variables on the electrical 
performance of the PTC polymers, combined with extensive surface and other 
chemical and structural analyses. 
2.4.2 A possible failure mechanism 
The evidence obtained from the experimental work involving the manufacturing 
processes and the investigations and analyses to date, has suggested a failure 
mechanism based on the factors outlined in this section. 
A schematic diagram showing a cross-section through a typical heater circuit, is 
shown in Figure 9, in order to illustrate the following points. 
Figure 9: To show cross-section through a typical heater circuit 
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The interface between the copper traces and the PTC film is stressed by: 
• Thermal cycling during heater operation 
• Differential thermal expansion between copper, base film and PTC 
material. 
Note: the difference in the coefficients of thermal expansion of copper foil 
and the PTC film; which are 17 x 10-6 for copper and: 128 x 10-6. for 
poly(vinylidene fluoride) polymer (PTC base polymer) 
• Shrinkage of the PTC film. When subjected to temperatures within and 
above its melting range, the PTC polymer fuses, expands and then on re-
solidification and volume reduction, tends to shrink away from the copper 
traces. 
• Resistance to cyclic stressing requires good adhesion between copper and 
PTCfilm. 
• Stressing of a poor quality interface results in progressive separation of the 
PTC material from the copper and increase in electrical resistance as the 
effective interface area decreases. 
The value of the resistance linearity factor has a major dependence on the nature 
and quality of the copper I PTC polymer interface. Perfect wetting and carbon particle 
- copper contact should produce a resistance linearity factor of 1.0. The magnitude 
of the resistance linearity factor was identified as a measure of the quality of the 
interface and the related heater performance; the further it departed from 1.0 the 
greater the possibility of interface failure and the development of high heater 
resistance. Resistance linearity is discussed later in Chapter 3, Section 3.5. 
It is recognised that the proposed failure mechanism and the factors affecting the 
performance of this type of conductive polymer based heater is, at this initial stage, 
based on limited data and the evidence provided from a relatively small number of 
experimental samples. 
Although the interpretation of the evidence had provided a satisfactory explanation of 
observed phenomena it was clear that a much more detailed and thorough 
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investigation of the factors affecting the performance of conductive polymer based 
heating devices was required. 
Since the interface between the PTC polymer and the conductor traces has been 
identified as playing a significant role in determining the resistance linearity 
characteristic for the circuits, and in turn this has been shown to relate to the possible 
development of high electrical resistance during ongoing operation, much of the 
investigation has concentrated on the chemical and physical nature of the interface. 
In order to provide a basis for a scientific understanding of these factors, a 
description of a typical manufacturing process is given in Chapter 3. 
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CHAPTER 3 
THE MANUFACTURING AND TESTING OF AUTOMOTIVE REAR 
VIEW MIRROR HEATERS 
3. Introduction 
The production process which had been initially manual, was adapted for semi-
automatic operation this being more appropriate for high volume, cost effective 
manufacture. None of the essential material and process parameters were, however, 
significantly altered from those initially established. The materials and processes 
involved in the manufacture of a typical heating circuit, such as that forming the focus 
of this research will now be described. This will establish the material and process 
variables that were the subject of the initial investigation. 
3.1 Materials 
Figure 10: To show the copper clad polyester laminate structure 
Copper (18JJm or 35JJm) 
Adhesive (15JJm) 
Polyester film (125JJm) 
The starting point for manufacture was a copper clad polyester laminate. The 
laminate employed 125JJm thick poly(ethyleneterephthalate) film bonded to 18 JJm or 
35 JJm electrolytically deposited copper foil. The bonding agent was a polyester resin 
based adhesive with an organic di- or tri-isocyanate based cross-linking agent, e.g. 
4.4' diphenylmethane diisocyanate. After lamination and curing the adhesive 
developed a polyurethane type structure. 
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The conductive PTC polymer was based on Kynar 9301, a ter-polymer of vinylidene 
fluoride, hexafluoropropylene and tetrafluoroethylene, which was formulated as an 
ink, by dissolution in dimethylformamide. The conductive filler was Raven 14 carbon 
black supplied by the Columbian Chemicals Company. The PTC polymer is made 
conductive by filling with carbon black and the standard product employs that 
material at a loading of approximately 14%. 
3.2 Manufacturing processes 
3.2.1 Stage 1 
The first stage of the manufacturing process involved screen printing the electrode 
pattern using an etch resist ink on the copper surface of the laminate; this is 
illustrated in Figure 11. The pattern takes the form of two parallel tracks, separated 
by O.Smm to 0.8mm, that serpentined over the surface of the material and terminated 
in two adjacent terminal pads. 
Figure 11: To show the position of the print etch resist 
3.2.2 Stage 2 
The pattern was established in the copper by etching using an ammoniacal etchant; 
see Figure 12. The etchant consisted of an aqueous solution containing around 
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200g.r1 of ammonium chloride, made alkaline to pH 8.5 with free ammonia and 
containing up to 150 g.r1 of dissolved copper. 
Figure 12: Etch exposed copper, establish circuit pattern 
Etching was, in fact, due to the reaction: Cu + Cu++ -> 2Cu + 
The dissolved copper was held in solution by complexing as cuprammonium chloride 
and the cuprous reaction product was converted back to the cupric state by 
atmospheric oxidation. The oxidation process and the maintenance of the 
concentration of cupric copper were assisted by the spraying action involved in the 
etching process. 
3.2.3 Stage 3 
The etching process resulted in the copper pattern bonded to the base polyester film 
but with the copper still covered by the etch resist ink. The ink was removed by 
passage through sodium hydroxide solution containing approximately 3% w/wof 
NaOH; see Figure 13. Whereas the ink was not attacked by the etchant at pH 8.5 it 
was dissolved by the NaOH solution at pH -14. 
Figure 13: To show the etch resist stripped 
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3.2.4 Stage 4 
Following stripping of the etch resist ink, the surface of the copper pattern was micro-
etched with a solution containing 120g.l"l of ammonium persulphate and 5% 
sulphuric acid; see Figure 14. 
Figure 14: To show the copper micro-etched 
The concentration of copper was controlled automatically by colorimeter type device 
at a maximum of 13 g.r1. In these conditions the zinc chromate antioxidant coating, 
applied by the copper foil manufacturer and 11lm of copper was removed. The 
surface was roughened to provide good wetting and adhesion of the subsequently 
applied film of PTC ink. The wet processing of the circuits stage was completed by 
the application of a temporary anti-tarnish coating, in the form of a molecular layer of 
benzotriazole from an aqueous solution of the reagent; this was followed by hot air 
drying at 70·C. The process was operated on a reel-to-reel basis with water rinses 
between each active stage. All the process solutions and the rinses were applied by 
spraying. Note that at this stage of manufacture there was no connection between 
the two electrode tracks. 
3.2.5 Stage 5 
The fifth stage of the manufacturing process was the application, by 
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screen printing, of the film of PTC polymer in the form of the solvent based ink 
described previously; see Figure 15. 
Figure 15: To show the screen printed PTC polymer structure 
Micro-etched Cu Printed PTC polymer ink 
----..... 
Isocyanate cross-linked 
polyester adhesive 
Screen printing took place on a reel-to-reel printing line, fitted with a flat bed system 
and a hot air tower dryer. Line speed, which was determined by the rate of operation 
of the printing head, ensured a time in the dryer of 3 to 4 minutes, depending on the 
size of the heater circuit and was typically 3.5 minutes. Whilst in the dryer the 
material reached a temperature of approximately 115'C. This resulted in drying and 
fusing of the ink film. 
Maintenance of the resistance of the heater circuits within a specified range exiting 
from the printing and curing process was achieved at the printing stage. The ink 
automatically dispensed on to the screen was blended from two ink reservoirs each 
having a different carbon loading. Typically, one ink contained 11.5% w/w of carbon 
black and the other 20% w/w and the blended mix contained around 14% to 15%. 
The blend was controlled by increasing the proportion of 20% carbon ink if the 
resistance measured at the end of the line was too high and vice-versa if it was too 
low. Electrical continuity through the circuit was completed by connection, between 
the copper conductors, produced by the overprinted conductive polymer film. 
It is important to note here that the printed conductive PTC polymer film had 
interfaces with both the micro-etched, benzotriazole treated, copper surface and the 
isocyanate cross-linked polyester laminate adhesive. The possibility existed, 
therefore, of physical and I or chemical reaction between the conductive PTC 
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polymer film and the polyester adhesive and this presented a particular vulnerability if 
the cross linking reaction was not completed. It was noted that there was a significant 
effect on the properties of the heating devices; this was explored in related testing. 
Results are given in Section 6.2.3. Ensuring that the adhesive was fully cured before 
application of the PTC polymer, proved to be an important factor in the manufacturing 
process. 
3.2.6 Stage 6 
Manufacture of the heater circuit was completed by lamination of a clear polyester 
film with a pressure sensitive, water-based, acrylic adhesive over the PTC polymer 
film; lamination of a pressure sensitive adhesive film on the reverse side of the heater 
circuit and the soldering of terminal tags on to the copper pads at the end of each 
conductor trace. Finally, individual circuits were cut from the laminate web in a press 
equipped with a knife tool. 
It must be noted here that the water based, acrylic adhesive that bonded the 50f..lm 
thick polyester film 'environmental seal' to the heater circuit, had an interface with the 
PTC. However, this adhesive had been the subject of extensive testing by the 
original manufacturer of the heaters in the USA. These tests showed that it was inert 
with respect to the PTC polymer and had no adverse effect on its properties or 
performance5• 
3.3 Electrical testing 
The electrical resistance of each heater circuit was measured at two points in the 
manufacturing sequence; firstly after exiting from the drying tower at the end of the 
PTC polymer printing line and secondly after completion of all the manufacturing 
stages. At this final testing stage, a parameter known as resistance linearity, which 
will be described later, in Section 3.5, was also measured. 
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The first of these tests at the end of the printing line, involved a simple multi-pin array 
tester which was optically registered and automatically operated. When the system 
operated, a pattern of probes contacted the terminal pads and a measuring voltage 
applied to the circuits. The resistance values were processed and displayed, along 
with control limits. At the final test stage, the resistance and the resistance linearity 
factor were measured, again using a computer based test system which consigned 
circuits, whose resistance was outside specified limits. The first resistance 
measurement, was made between 40 and 60 seconds, depending on line speed, 
after the heater circuits exited from the hot air tower dryer. This value was 
approximately twice the final resistance measurement made at the completion of the 
manufacturing process. This relaxation of resistance continued over a period of days, 
however, only small decreases in resistance were measurable after a period of two to 
three weeks. This characteristic was a standard feature of such devices. 
3.4 Performance testing and in service experience 
The performance testing of the heaters manufactured during the first two years of 
operation of the manufacturing process, revealed a significant occurrence of unstable 
resistance; i.e. a rapid rise in resistance over time and increasing numbers of heating 
cycles, and functional failure of the devices. This resulted in the development of 
heating devices that had stable properties through manufacture, testing and in use. 
Following a number of in-service failures appropriate issues were addressed. Initially 
these involved process problems and the occurrence of heater circuits that were 
increasing in resistance during their endurance testing programmes. The 
investigation concentrated on the effect of material characteristics and process 
parameters on performance and resistance stability. This is the origin of the present 
study. A consideration of critical parameters follows in Chapter 4. 
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3.5 Resistance linearity 
During the investigations associated with variables in the manufacturing processes 
and the testing of associated heater circuit samples, the characteristic labelled 
'resistance linearity' was shown to be related to resistance stability and ageing 
performance - as will be seen from the results of experiments that are reported later, 
in Chapter 6, Section 6.7. 
Resistance linearity is defined as the relationship between resistance measured at 
low voltage i.e. in the millivolt range ,(50 millivolts was the value initially employed), 
and the resistance measured at the normal operating voltage of 13.0 volts dc. 
Experience demonstrated that the resistance linearity factor should not exceed 1.2 if 
reliable and stable performance was to be maintained. 
At early stages of the process development, confusion was caused in the final testing 
of the heater product since multi-meters, which effectively measured in the millivolt 
range of applied voltage, were used which gave higher resistance values than when 
measurements were checked at 13.0 volts dc. A significant number of resistance 
linearity ratios were obtained in excess of 1.2. Differences in the values obtained by 
the measurements at the two voltages highlighted the resistance linearity 
phenomena. 
In the absence of a 'break through voltage', the ratio: 
L = Resistance measured at low voltage (millivolt range) ............ Equation 5 
Resistance measured at 13.0 volts dc 
This resistance linearity value should equal 1.0. 
A PC-based resistance and resistance linearity test system was developed; this 
employed pulsed application of 0.5 volts dc and 13.0 volts dc as the test voltages; 
see Section 5.2.2 In fact values in excess of 1.0 were regularly obtained and values 
in excess of the recommended limit of 1.2 were also frequently measured. This 
phenomena was therefore investigated in relation to process parameters and heater 
agei ng performance 33. 
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CHAPTER 4 
IDENTIFICATION OF CRITICAL FACTORS AFFECTING HEATER 
PERFORMANCE AND THE METHODS USED FOR THEIR 
INVESTIGATION 
4. Introduction 
The materials and processes involved in the manufacture of PTC polymer based 
heater circuits have previously been described in Chapter 3 and the development of 
initial concepts has been outlined in Chapter 2, Section 2.2. Combining this 
knowledge with a consideration of the literature enabled me to identify a number of 
potential causes of PTC device failure. 
4.1 Critical factors 
The following factors were identified as the subject of this investigation: 
• Base film-to-copper adhesive. 
It is possible that there might be problems with the degree of adhesive cure 
leading to possible migration of curing agent or low molecular weight polymer 
material into the PTC film. An investigation was conducted into the variation in 
drying temperature and time on the cure reaction. 
• Degree of micro-etching of conductor traces. 
The effectiveness of the procedure used in the removal of the antioxidant 
coating and for providing desirable surface topography of the copper 
electrodes was studied. Here it is noted that it is normal practice for the 
producers of electrolytic copper foil to apply a chromate or zinc chromate 
treatment to the surface of the copper to prevent oxidation during supply or 
manufacture. 
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• Drying and curing temperatures applied to the polymer film during 
manufacture 
The effect of variation in the temperature applied to dry and cure the wet ink 
film on the resulting resistance and resistance linearity factors. 
• Subjection to high temperatures after manufacture 
The effect of exposure to high temperatures, approaching or in excess of the 
polymer melting point. 
• Alteration of the metal-polymer interface by applying alternative finishes 
to the copper surface. 
In particular, the application of electroless silver and electroless tin onto the 
traces was considered. Significantly, silver oxide is conductive. 
• Possible contamination of PTC polymer with process chemicals 
Possible causes of contamination include: water, dilute alkali (NaOH), dilute 
mineral acid (H2S04, H3P04), dilute acetic acid, etchant solution (ammoniacal 
CuCI2), which might remain absorbed in the adhesive film that bonds the 
copper electrodes to the base polyester film. Such residues could diffuse into 
and contaminate the PTC film; see Section 3.2.5 
• Effect of mechanical stress during processing or assembly. 
Investigation of the observed increase in resistance of functionally failed 
heater circuits when stressed by the process of separation from the mirror 
glass. 
• Carbon loading of the polymer 
The nature of the carbon filler; particle size and volume fraction. The effect of 
carbon loading close to the percolation threshold on resistance, resistance 
linearity and performance. 
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• The structure of the conductive polymer composite and its interface with 
the surface of the copper traces. 
As described in Section 2.1, the distribution of the conductive phase can 
significantly influence the possible conduction mechanisms, by the provision 
or otherwise of pathways. 
All of the critical factors detailed above were considered as potential causes of non-
linearity leading to functional failure. The methods used briefly described below. 
4.2 Methods employed in investigation of critical factors 
4.2.1 Visual examination 
Visual examination was undertaken of the mirror glass and heater circuit assembly 
for defects such as cracked glass or corrosion. In addition, separation of the heater 
circuit from mirror assembly was carried out to permit examination and testing of the 
circuit itself at which point examination of heater circuits was possible at x1 0 
magnification. Further details are given in Section 5.1 
4.2.2 Electrical tests 
To detect changes in the resistance characteristics of the circuits, extensive electrical 
testing was performed on circuits which had exhibited in service failures, or were 
expected to exhibit in service failures and model specially prepared devices and PTC 
polymer deposits. The following tests were carried out: 
• Measurement of heater circuit resistance 
• Measurement of resistance linearity factors for the heater circuits 
• Determination of resistance versus temperature behaviour (PTC) 
characteristic 
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• Functional (powered switching) tests. 
Details of these electrical tests are given in Chapter 5. The electrical test results were 
correlated with extensive studies to characterise these materials. 
4.2.3 Advanced analytical techniques 
Given the requirement to study the physicochemical properties of failed devices and 
model structures the following analytical techniques were used to investigate various 
aspects of material behaviour relating to the afore mentioned studies. 
• Scanning electron and optical microscopy for examination of copper traces 
and and the PTC polymer film. 
• Scanning electron microscopy, Auger electron spectroscopy and Fourier 
transform infra-red analysis of PTC polymer film separated from copper traces 
for examination of surfaces and interfaces. 
• Differential scanning calorimetry, Fourier transform infra-red analysis, Thermo-
Mechanical analysis and Modulated Temperature Differential Scanning 
Calorimetry for examination of PTC polymer removed from heater circuits. 
Further details of the techniques including the instruments used and experimental 
conditions, etc. are given in Chapter 5. 
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CHAPTERS 
TESTING METHODS, ADVANCED ANALYTICAL TECHNIQUES AND 
THE SAMPLE PREPARATION PROCEDURES. 
5. Introduction 
In this Chapter the testing methods and analytical techniques used in this 
investigation are outlined and the sampling methods employed for the various 
analyses are detailed. Application of the techniques is described in subsequent 
Chapters. 
Details of the samples examined are given with the description of the application of 
each method in Chapter 6. 
5.1 Visual examination 
The initial stage of investigation of high resistance or functionally failed heater circuits 
involved a detailed visual examination to ensure that there were no simple physical 
causes of the high circuit resistance.This examination was performed initially with 
magnification up to x1 0 with a hand held magnifier. 
In order to examine the heater circuit itself, it was necessary to separate the circuit 
from the mirror glass and the moulded backplate. This procedure involved heating 
the device for approximately 1 hour at ao'c in order to soften the pressure sensitive 
adhesive on the backplate. The circuit was then cooled to -40'C to permit the peeling 
of adhesive bonding the thin polyester film which protected the PTC polymer printed 
over the copper electrode pattern. 
46 
5.2 Electrical test methods 
5.2.1 Resistance 
Resistance measurements were made using power supplies or multimeters. 
Measurement of electrical resistance at 13 volts DC was complicated by the intrinsic 
thermal sensitivity of the samples under test. An immediate resistance increase was 
produced by current flow at 13 volts as a result of the 12R heating effect and it was 
necessary to apply the electrical potential in a pulsed mode to avoid temperature and 
associated resistance increase while the measurement was taking place. 
The method for the measurement of resistance of heater circuits at 13volts DC 
employed a Hitachi VC6025A two channel digital storage oscilloscope. The 13 volt 
potential difference was applied in 20 millisecond pulses, at 1 pps, by a pulsed power 
supply to avoid temperature, and hence a resistance rise while the measurement 
was being made. Current flow during the pulsing was measured using the 
oscilloscope to measure the voltage across a 0.45 ohm resistor in series with the 
heater and the resistance calculated using Ohms Law. Subsequently, the PC based 
system, described in Section 5.2.2, was developed and used for both resistance and 
resistance linearity factor measurements. When a multimeter was used, temperature 
rise was not an issue since the measurement was typically made at an open circuit 
voltage in the order of 200 - 300 millivolts, with correspondingly very low current flow 
and heating effect. 
5.2.2 Resistance linearity 
The resistance linearity factor was measured using a specially constructed, computer 
based system which measured the device resistance at 0.5 volts dc and 13 volts dc. 
The 13 volt application was pulsed to avoid the heating effect. The system 
calculated the resistance linearity factor which it displayed along with the 13 volt 
resistance and statistical information. 
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Figure 16: To show schematic of the resistance linearity tester developed for 
the present study 
Notes: 
Mirror heater resistance & linearity test: Equipment layout 
Controlling PC 
12bjADC m 110 Transistorized DPeO relay 
L'=======jiS}--- .- .. ----. 
13VO 10A 
Power supply 
OR47 
200W lRO [ .J lOW 
Resistances are measured at two 
voltages, 13 volts, the working voltage 
of the heater, and 0.5 volts. 
The Ii nearity factor is the ratio of the 
resistance measured at 0.5 volts to that 
measured at 13 volts. 
If the heater circuit behaves in an 
ohmic manner this ratio is 1.0 
The resistance of the heater circuit was measured by applying a known voltage to a 
circuit consisting of a power supply, a resistor of known value and the heater; the 
total resistance was calculated by dividing applied voltage by the current - from the 
voltage drop across the known resistor. The constant resistance due to cable, 
probes, resistor, etc. was subtracted to give the heater circuit resistance. 
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In fact, values in excess of 1.0 were regularly obtained and values in excess of the 
recommended limit of 1.2 were frequently measured. 
5.2.3 Resistance I temperature curves (PTC effect) 
The devices were connected via a wiring loom and connector block, and were held in 
a laboratory, air circulating box oven. The electrical resistance was measured at the 
connector, which was outside the oven, using a multimeter. After measurement of 
resistance at room temperature the oven was switched on and the temperature 
ramped upwards through a sequence of 10°C steps to 130°C. The temperature of the 
oven, was monitored using a thermocouple, mounted just above the samples, and 
the temperature allowed to stabilise at each stage before the resistance was 
measured. 
5.2.4 Resistance recovery (after high temperature exposure) 
The resistance and resistance linearity factors for the heater circuits were determined 
at room temperature using the PC based system; see Section 5.2.2. The devices 
were then placed in a box oven at the selected temperature, e.g. 90°C, 100°C for the 
specified time, typically 1 hour. At the end of this period they were removed from the 
oven, and the resistance and resistance linearity measured as quickly as possible 
using the PC system. Further measurements were made after successive periods of: 
0.5 hours, 1 hour, 4 hours, 24 hours, 48 hours. 
5.2.5 Ageing I life tests 
Powered ageing tests have taken a number of forms but typically involvd: 
• Measurement of resistance and resistance linearity using the PC 
system. 
• An initial conditioning period of 1 hour at 90°C. 
• Recovery for 24 hours. 
• Resistance and resistance linearity measurement using the PC system. 
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• Cyclic ageing at room temperature; each cycle consisting of 23 hours 
powered at 13 volts dc and 1 hour off. The resistance of the devices on 
test was monitored daily, at the end of the 1 hour off period, using a 
multi meter. Typical test duration: 60 days. 
, 
• After the last cycle, the heaters were allowed to recover for 24 hours 
before a final resistance and resistance linearity measurement was 
made using the PC based system. 
In order to substantially increase the number of powered cycles within the same 
period, the cycle times were changed to 6 minutes on, 6 minutes off. This form of the 
test did not seem to alter the incidence or type of failure which were, with few 
exceptions, due to resistance increase. 
5.2.6 Sampling procedure for electrical tests 
The samples submitted to examination and electrical tests were complete heating 
circuits that incorporated the conductive polymer composites to be investigated. 
Sample preparation involved soldering contact terminals, where necessary, to heater 
circuits to permit connection in to the electrical circuit for subjection to the required 
power conditions. 
5.3 Advanced analytical techniques 
5.3.1 Differential Scanning Calorimetry (DSC) 
Samples for DSC analysis consisted of small amounts of the PTC polymer scraped 
from the surface of the copper pattern on the heater circuits. 
DSC measures the temperatures and heat flow associated with transitions in 
materials as a function of time and temperature. The calorimeter used for these 
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analyses was a DSC 10 manufactured by TA Instruments configured into a 
differential scanning system by Marlin Scientific. See Figure 17. 
Figure 17: To show schematic of DSC calorimeter 
hi ca! 
Principle of Operation. 
Silver Ring 
Dynamic Sample Chamber 
Reference Pan 
Alum.; WIre 
Thermocouple 
Junction 
Thermoelectric 
(Constantan) 
The DSC 10 cell uses a constantan disc as the primary means of transferring heat to 
the sample and reference pOSitions. As heat is transferred through the disc, the 
differential heat flow to the sample and reference is monitored by area 
thermocouples formed by the junction of the constantan disc and chromel wafers 
which cover the underside of the platforms. Chromel and aluminium wires attached to 
the chromel wafers form thermocouples, which directly monitor sample temperature. 
Constant calorimetric sensitivity throughout the temperature range is maintained by 
electronic linearity of the cell calibration constant. The heating rate used was 20·C 
per minute and the sample sizes were 5mgms to 6mgms. Thermograms were 
produced over the temperature range, 20·C t0180·C. 
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5.3.2 Calorimetric Analysis with Scanning Microscopy (CASM) 
This technique is based on a combination of scanning thermal microscopy (SThM) 
and modulated temperature differential scanning calorimetry (MTDSC). 
The samples used for the CASM analysis were whole heater circuits or small areas 
cut from them. 
An ultra miniature resistive heater was used as the probe in a scanning probe 
microscope. MTDSC is an extension of DSC in which the temperature is modulated 
by a sine wave. SThM provides images where different phases are identified by 
differences in thermal conductivity. Sub-surface features may be imaged where the 
depth seen by the probe can be controlled by the frequency of the temperature 
modulations. In CASM, any feature of interest in the thermal image can be ramped 
through a temperature in a similar way to MTDSC, by placing the probe on the 
feature and using the tip to supply heat. 
The technique was applied to sections through used and unused PTC heaters. 
The probe was also used to measure resistance of the polymer layer at a 
microscopic scale; the measurement was made from the probe to the copper 
conductor. 
5.3.3 Fourier Transform Infra Red Microscopy (FTIR) 
This technique was employed to identify the nature of any reaction product remaining 
on the surface of the copper traces after removal of the polymer film. In order to 
expose the copper surface for analysis it was necessary to remove the PTC polymer. 
To achieve this small pieces of rigid FR4 laminate, approx. 40mm x 20mm, were 
bonded to the PTC surface with adhesive. 
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Three types of adhesive were used: 
Loctite cyanoacrylate 
Evostik ES 528 impact adhesive 
3M Scotch-Weld DP 190 - epoxy adhesive 
The cyanoacrylate bonded satisfactorily to the PTC polymer surface within minutes 
The Evostik ES 528 bonded adequately after several days (>5) 
The epoxy adhesive gave a satisfactory bond after curing at 60°C for 2 hours. 
Note that the resistance and resistance linearity of the heaters was re-measured after 
the 60°C cure to confirm that they were not affected by the heat exposure. 
The copper surface was exposed by peeling the heater circuit from the rigid laminate; 
the PTC layer remained attached to the adhesive and was transferred to the rigid 
material. 
Samples prepared using the epoxy adhesive were used for the analysis. It was 
believed that the danger of contamination of the PTC material by the adhesives was 
greater for the cyanoacrylate and impact adhesives. 
In FTIR, radiation containing alllR wavelengths 5,000 - 400cm-1 is passed through 
the sample simultaneously so that considerable time is saved by comparison with the 
scanning mode of operation. 
Figure 18: To show schematic of FTIR spectrometer 
=$= Mirror B (movable) 
source 
An_tot to diSH_I converter 
Mirror A 
(fixed) 
Computer C::J----.,---- Recorder 
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Passage of the whole range of IR radiation through the sample or, as in this case 
reflected from its surface, produces a complete IR spectrum instantaneously and with 
very high resolution. Repeated scans can be made within a very short timescale, 
thereby producing much improved sensitivity while averaging out random absorption 
effects. Reflection FTIR spectroscopy was employed for analysis of the surface of the 
copper underneath the polymer film. 
Investigation has shown that the value of the resistance linearity factor relates to the 
interface between the copper electrodes and the PTC polymer. 
5.3.4 Scanning Electron Microscopy (SE M) 
5.3.4.1 Low resolution 
Heater circuits were examined using a Cambridge Stereoscan 360 instrument. X-ray 
microanalysis, where involved, employed an Oxford Instruments AN 1000 instrument; 
this could be used to analyse those elements having an atomic number greater than 
11 (sodium). Accelerating voltage for the electron beam was typically 10kV, 
magnification factors were up to x 5,000. 
Where low resolution SEM examination was performed this was limited to the 
exposed top surface of the polymer film. Small areas were cut from the circuits and 
fixed on studs for mounting in the SEM sample chamber. Conductivity of the polymer 
surface was ensured, where necessary, by appropriate application of conductive 
silver adhesive. 
5.3.4.2 High resolution - Field Emission Gun SEM (FEGSEM) 
The early investigation of behaviour of PTC polymer heater circuits together with the 
evidence from the literature survey indicated the necessity for a much more detailed 
and in depth examination of the structure of the conductive polymer composite and 
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its interface with the surface of the copper traces. In order to explain the observed 
behaviour, the intention was to determine how the structure and distribution of the 
carbon filler particles was affected by the factors identified in Section 4.1. 
The intention was to examine micro-sections of the polymer between the copper 
traces. Standard micro-sectioning techniques were employed; small sections were 
cut from the desired areas of the circuits; these were mounted in metallographic 
'potting compound', ground to the required section and polished in three stages. The 
sections were examined by optical microscopy at each stage. In spite of several 
attempts and with care and variation of the polishing technique, no clearly defined 
section was achieved that could be used for SEM examination of the structure of the 
composite. In all cases there was smearing of the adhesive component of the 
structure. 
In an attempt to clear the smeared film and expose the underlying structure, a series 
of trials were conducted involving laser ablation in the Optical Laboratory, Wolfson 
School, Loughborough University. Even the lightest conditions of laser power 
resulted in fusion and unacceptable degradation of the sample surface. 
In view of the failure of the micro-sectioning method, attempts were made to produce 
fracture sections by cryoscopic technique using liquid nitrogen. Once more the 
combination of material layers and properties prevented satisfactory fracture sections 
through the polymer being obtained. 
It had been the objective to examine the polymer structure on actual heater circuits 
that had been subjected to a range of environmental and electrical conditions mainly 
under laboratory conditions but also samples that had functionally failed in service. In 
view of the lack of success in producing the desired sections for structural 
examination a compromise was adopted. In order to examine the structure and 
structural changes in conductive polymer composites, special model samples were 
produced. 
A stencil method was used to print small rectangles of the PTC polymer onto thin 
aluminium foil (cooking foil); see Figure 19(a)-(d)) below: 
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Figure 19: To show samples prepared for cryoscopic fracture and the stencil 
technique employed. 
(a) Ink samples on aluminium foil (b) Stencil printing method 
Figure 19(e) shows the stencil used for 
printing the polymer on microscope slides 
for optical microscopy. 
56 
The shiny side of the aluminium foil was used for printing the PTC polymer, so that 
the small pieces of cured polymer could be more easily detached after the chosen 
processing, for subjection to the liquid nitrogen fracture technique. 
This method proved to be, for the most part, successful. Although not all samples 
separated from the aluminium foil, usable fracture sections were obtained in most 
cases. 
Printing the polymer test pieces onto glass microscope slides was also tried; see 
Figure 19(e). Although successful in producing easily detachable small areas of the 
composite both after printing and air-drying and after thermal treatment, the method 
was rejected since the samples were produced under conditions too far removed 
from the situation on the circuit devices. The aluminium foil method still retained a 
metal interface and this was judged to be not too dissimilar to the copper interface in 
both electrical and thermal properties; it was therefore determined to be suitable for 
the subsequent in-depth investigations. The microscope slide method was employed 
however, for the samples for optical microscopy. 
The examination of heater circuits, fracture sections and interface surfaces that is 
reported in the following sections, made extensive use of a high resolution scanning 
electron microscope. This microscope employs an electron gun of the field emission 
type; the field emission gun provides a fine, intense electron beam and hence much 
higher resolution than a standard system; it achieves resolution in the region of 1 nm, 
depending on the accelerating voltage. 
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In the standard, Cambridge Stereoscan 360 system, the electrons are emitted from a 
tungsten filament heated to white heat. The electrons are then collimated into a beam 
and subjected to an accelerating voltage. The diameter of the beam and hence the 
image resolution, is a function of the tip radius of the filament and the electron optics. 
In the case of the field emission gun, the electrons are extracted from the tip of an 
electrode by an extraction voltage of approximately 5 kV. The electrode, which is also 
heated, has a tip radius of approximately 1IJm thus yielding a fine, intense electron 
beam and ultra high resolution. The particular equipment employed was a Leo 
1530VP which also has a variable vacuum pressure capability, although the facility 
was not utilised in the work associated with this research. 
Typical operating conditions when examining fracture sections of PTC polymer 
samples were: accelerating voltage, 5 kV; working distance, 5mm to 6mm. 
5.3.5 Auger Electron Spectroscopy (AES) 
AES was employed for analysis of the surface of the copper traces underneath the 
polymer film. It was necessary, therefore, to expose the copper surface by removing 
the PTC polymer film. This was achieved initially by wiping with acetone until there 
was no evidence of the black ink on the tissue used for wiping. Subsequently areas 
of copper were exposed by using the principle of a cross hatch adhesion test, e.g.: 
IPC TM-650 Method 2.4.1 E . Small areas of the polymer film remained attached to 
the adhesive tape employed in the test - exposing the underlying copper for analysis. 
Auger electrons are produced by irradiating the surface of a material with a beam of 
electrons. The primary beam can ionise a surface atom leaving a hole in a core shell 
which is then filled by an electron from an outer shell; the excess energy of the atom 
can now be lost by two possible processes: emission of a photon or the emission of 
an electron from an outer shell, the Auger electron. 
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The energy of the Auger electron is determined by the difference in energy of the 
levels taking part in the process and is characteristic of the parent atom. 
Auger electrons typically have energies in the range 0 to 2 keV. The escape depths 
of the electrons of this energy are only of the order of nanometres and consequently 
only electrons from the atoms in the top one or two atomic layers can escape from 
the surface without losing energy; Auger electrons originating from atoms in the bulk 
material interact with the surface atoms, thus losing energy, before escaping to add 
to the background. It is this property which gives the technique its surface sensitivity. 
The instrument used in the initial work was a Varian Scanning Auger Electron 
Spectrometer. It was equipped with a 10keV, cylindrical mirror analyser system with 
5 micrometre resolution when operating with - 1 x 10-6 primary beam energy. Depth 
profiling was carried out by combining AES with argon ion beam bombardment. 
Further details are given in subsequent sections. 
5.3.6 Static Secondary Ion Mass spectrometry (SSIMS) 
Exposure of the copper surface for analysis was achieved by the acetone wiping 
technique used initially for AES analysis. This was cross-checked against a 
separately acquired spectrum of the conductive polymer. 
Separate samples were used for each analysis. The PTC ink coating was removed 
using acetone and wiping with a tissue until there was no evidence on either the 
tissue or the sample surface. Samples were cut from the heaters for analysis. 
The effectiveness of the preparation was checked by recording the spectra of the ink 
for comparison with the surface being analysed. 
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In secondary ion mass spectrometry the sample is continually bombarded by a beam 
of ions. Material is thereby sputtered from the sample surface, some in the form of 
ions; these secondary ions are mass analysed by the spectrometer. Electro-positive 
elements produce mainly positive ions while electro-negative elements give negative 
ions. The yield of ions is enhanced by using primary ions of oxygen or caesium 
respectively. 
In the static SIMS mode of operation a very low primary beam fluence is used. The 
ion beam dose is such that about 1 % of the outer monolayer of material is removed 
in the course of analysis. This ensures that ion beam modification of the surface does 
not occur. In this way the surface chemistry of the sample can be studied using the 
molecular fragments seen in the mass spectrum. 
The technique is extremely surface specific, probing only the outer monolayer of the 
sample, and provides a qualitative analysis of the chemical species present on the 
surface. The SSIMS instrument used was a Cameca 3F. 
5.3.7 Laser Microprobe Mass Spectrometry (LAMMS or LIMA) 
This technique is used to provide a rapid qualitative analysis from small areas of solid 
samples. A high power frequency-quadrupled, Nd: YAg pulsed laser is used to 
remove material from the surface. The area analysed is typically 1-211m in diameter 
and 0.2511m deep, although the depth of analysis may be more or less depending on 
the type of sample and the laser power used. A fraction of the ablated material is 
ionised and the ions are extracted into a time-of-flight mass spectrometer to 
determine their masses. 
The technique can detect all elements and isotopes within detection limits of the 
order of 10 - 1 OOppm, although the information obtained is qualitative in nature. Both 
elemental and molecular species are detected, providing information about the 
chemistry of both inorganic and organic systems. Molecular fragments can be 
detected up to 100 a.m.u. and beyond, aiding organic structure determination. 
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LIMA is ideal for applications where only small amounts of material are available, for 
example, particulate contamination, the identification of corrosion products or the 
analysis of small defect areas. Both conducting and insulating materials can be 
analysed. 
The instrument used at for this analysis was a LIMA 2A manufactured by Cambridge 
Mass Spectrometry Ltd. Samples up to 25mm in diameter and 10mm deep can be 
handled. An optical viewing system with a magnification of x180 coupled with a He-
Ne spotting laser enabled precise areas to be located for analysis. 
Sample preparation was carried out as detailed in the SSIMS Section, 5.3.6 
5.3.8 Optical microscopy 
Printing onto microscope slides was used for samples for examination by optical 
microscopy. In this case the stencil incorporated round piercings in the polyester film, 
as shown in Figure 19. 
The preceding text has provided a summary of the test methods used in the present 
study. Appendix 1 provides a table to illustrate the samples investigated by each 
technique. 
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CHAPTER 6 
INVESTIGATION OF THE CRITICAL FACTORS AND ASSOCIATED 
ISSUES 
6. Introduction 
Variables associated with the critical factors described in Chapter 4, Section 4.1 are 
listed, in tabular form, in Appendix 1, which identifies the particular testing and 
analytical methods that were employed for the present investigation. 
The testing methods and the sample preparation procedures, employed in the 
investigation, have been described in Chapter 5. 
The base material and the process stages involved in the manufacture of heater 
circuits have been described in Chapter 3. 
Examination of the flexible laminate, as supplied and heater circuits after successive 
process stages, will now be reported in more detail. This will include investigation of 
the effect of the process variables and samples that were specially prepared or 
subjected to particular stressing conditions as well as circuits that had functionally 
failed on test or in the field.The application of advanced analytical techniques is 
described in Chapter 8. 
6.1 The effect of resistance linearity» 1.0 on powered ageing performance 
6.1.1 Introduction 
Early information had shown the importance of resistance linearity factors below 1.2 
for stable heater parameters and powered ageing performance. 
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The dependence was further demonstrated by the experiment described in this 
section. The importance of resistance linearity, in assessing the results of the 
investigation of the effect of the variables on the critical factors, is established. 
6.1.2 Experimental 
Circuits were selected having resistance linearity factors below 1.25 and above 1.25. 
Samples from both groups were exposed to 100'C and all were then subjected to 
powered ageing as described in 5.2.5. 
6.1.3 Results and discussion 
Fig 20: To show powered ageing performance vs. resistance linearity factor 
(resistance linearity> 1.25 and < 1.25, with and without exposure to 
100°C) 
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Resistance linearity factors, see above, in excess of 1.2 produce increased 
probability of high resistance development; see Figure 20. 
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These results confirmed that heaters having resistance linearity factors close to 1.0 
exhibit stable resistance behaviour during powered ageing while the resistance of 
heaters having resistance linearity factors greater than 1.25 rose steeply during the 
same test. It was also seen that heaters which had been conditioned at 100°C and 
had resistance linearity factors in excess of 1.25 showed an even more marked 
increase in resistance during the test. 
6.2 Examination of the polyester-copper laminate, as supplied 
6.2.1 Introduction 
The construction of the flexible copper clad polyester laminate that forms the starting 
point for manufacture of the heater circuits was described in Chapter 3, Section 3.1. 
In order to establish the initial condition of the copper surface before any processing 
had taken place samples of laminate were analysed using AES. 
6.2.2 Experimental 
Approximately 1x1cm samples were cut from the material, as supplied, for insertion 
into the instrument. The experimental conditions are listed below: 
1. 
2. 
3 
Background vacuum 
Electron beam parameters 
(a) beam energy 
(b) beam current 
(c) energy range 
(d) analysis area 
Ion beam parameters 
(a) ion species 
(b) ion energy 
(c) gas pressure 
(d) ion current density 
< 5 x 10.8 torr 
3x103 eV 
- 0.7 x 10.6 
20 t01650 eV 
- 100 x 10.6 m in diameter 
At 
3x103 eV 
4 x 10.5 torr 
75 x 10.6 A.cm·2 
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6.2.3 Results and discussion 
The results of the analysis of the copper surface are given in Table 1 below. 
The compositional atom percentages were determined using experimentally derived 
sensitivity factors based on CuD and ZnD reference materials. 
Table 1: AES data - Compositional atom % - copper surface, unprocessed 
laminate 
Analysis Depth 0 Cr 5 Cl C Zn Cu 
area (nm) 
A 0 53.6 1.9 2.0 0.4 13.6. 27.8 0.7 
B 0 55.5 1.6 1.6 0.4 10.9 31.4 0.6 
B 3 42.5 5.5 1.5 0.0 1.1 33.6 15.8 
B 6 22.7 5.1 0.4 0.0 0.7 12.8 58.3 
B 10 4.1 0.6 0.0 0.0 0.8 3.9 90.6 
B 15 1.7 0.0 0.0 0.0 0.0 0.0 98.3 
B 20 0.5 0.0 0.0 0.0 0.0 0.0 99.5 
N 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
The results show that the copper as received, has a surface consisting mainly of ZnD 
or hydrated ZnD with the presence of Cr, S, C, and Cu also detected. 
This finding is consistent with the presence of a zinc chromate passivating coating on 
the copper surface. The thickness of the coating was approximately 5nm; beneath 
this mainly copper was detected. 
6.3 Under-cured copper to base film adhesive. 
6.3.1 Introduction 
Following the printing of an etch resist in the required circuit pattern the surplus 
copper is etched away using an ammoniacal etchant. This exposes the copper to 
base film laminate adhesive so that subsequently the over-printed PTC polymer 
ink has an interface with the adhesive; see Chapter 3, Section 3.2.5 and Figure 15. 
65 
In view of the possibility that problems with the degree of adhesive cure could lead to 
migration of curing agent or low molecular weight polymer material into the PTC film. 
Since inadequately cured, 'tacky' adhesive films produced high and unstable 
resistance and high resistance linearity factors for heater circuits, a series of tests 
were performed. It is thought that under-cured adhesive probably contained un-
reacted isocyanate cross linking agent, e.g. 4,4' diphenylmethane di-isocyanate as 
well as the low molecular weight fragments. See Figure 21 and Table 2, Section 
6.3.3. 
In addition to the electrical tests, estimation of the degree of cure of the adhesive was 
attempted using FTIR analysis. 
6.3.2 Experimental 
6.3.2.1 Electrical tests 
The samples tested were produced from flexible laminate having under-cured 
adhesive, which was 'tacky' when exposed after etching. A total of 12 samples were 
subjected to a powered ageing test over 60 days; device resistance was monitored 
throughout the test and resistance linearity was measured initially and at the end of 
the test. 
6.3.2.2 FTIR analysis 
The analysis was performed on a Unicam Mattson 3000 FTIR Spectrometer. 
Samples for analysis were taken from a recently produced heater circuit. Two 
samples taken from a heater circuit were analysed: 
Sample (1) was produced by peeling a section of the etched copper pattern away 
from the polyester film and had adhesive retained on copper; 
Sample (2) was an area of the adhesive exposed after etching on the PET film. 
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Ircuit 
No. 
1 
2 
3 
4 
5 
6 
8 
9 
10 
11 
12 
Each sample was analysed by the attenuated total reflection (ATR) method of 
analysis, in which the sample beam is reflected off the surface of the sample in 
contact with an appropriate crystal - giving total internal reflection. The IR beam 
penetrates approximately 5~m in to the surface of the sample. 200 analysis runs 
were recorded for each FTIR run to give a good signal to noise ratio. In addition a 
samples of the adhesive mix, containing 5% of the isocyanate cross-linking agent, 
was allowed to react on a NaCI disc and spectra were run from zero time to 144 
hours. In this case the transmission technique was used. 
6.3.3 Results and discussion 
6.3.3.1 Electrical test results 
Selected resistance values are tabulated in Table 2 along with both initial and final 
linearity values; these illustrate the instability of heater circuit resistance resulting 
from the use of under-cured laminate adhesive. This is further highlighted in the 
graphs shown in Figure 21. The detailed results are given in Appendix 2. 
Table 2: To show selected resistance values (Ohms) from twelve circuits 
containing under-cured adhesive - all samples subjected to 1 hr @ 100'C, then 
60 day powered ageing, 60 days, as Section 5.2.5 
Ageing Ageing 
test, test, 
start Test time (days) end 
-2 0 1 4 6 8 11 18 25 32 39 46 57 61 
Lin. Test 
Initial start 
Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms Ohms 
1.03 6.11 6.95 7.00 7.67 7.90 8.84 8.90 9.28 9.81 10.53 10.81 11.04 11.56 11.39 
1.03 6.11 6.97 7.04 7.76 8.23 9.52 9.59 10.29 11.01 11.85 12.35 12.73 13.37 13.25 
1.04 6.14 6.94 7.26 8.24 8.32 9.39 9.36 9.99 10.77 11.75 12.52 13.28 14.38 13.9 
1.02 5.95 6.87 7.25 7.42 7.81 8.8 8.67 9.21 9.69 10.3 10.57 11.18 11.68 11.37 
1.04 6.24 7.04 7.36 8.81 8.85 9.05 8.89 8.91 8.95 8.93 8.97 11.13 13.46 13.13 
1.05 6.32 7.17 7.78 8.29 8.34 8.52 8.35 8.41 8.57 8.56 8.38 8.35 8.4 7.65 
1.04 6.77 7.35 7.68 8.24 8.84 9.58 9.28 9.96 10.69 11.52 11.95 26.58 35.12 33.07 
1.05 6.47 7.21 8.42 9.65 19.87 26.2 27.43 36.36 45.7 56.3 65.6 75.6 79.2 82.2 
1.05 6.46 7.21 8.23 9.10 9.04 10.60 10.56 11.49 12.29 13.03 13.45 28.83 36.42 33.49 
1.03 6.38 7.23 6.83 7.05 7.05 7.74 7.52 7.70 7.86 8.14 8.23 9.85 10.45 10.26 
1.03 6.57 7.24 7.39 8.42 14.10 17.96 18.32 21.20 24.93 29.56 33.94 49.7 62.8 75.1 
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Lin. 
final 
1.06 
1.04 
1.09 
1.04 
1.06 
1.09 
1.21 
1.25 
1.04 
Note that the graphs shown in Figure 21 indicate apparent inferior performance of the 
samples in the lower graph; this is purely fortuitous. 
Figure 21: Showing under-cured laminate adhesive, 100'C for 1 hour then 
powered ageing, 23 hours at 13 volts, 1 hour off. Resistance measured at end 
of 1 hour off - as Chapter 5, Section 5.2.5- samples 1 to 12 are replicates. 
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6.3.3.2 Results of FTIR analysis 
FTIR analysis was performed on two sets of samples: 
(1) a solution of the polyester polymer with 5% of isocyanate curing agent added; 
this to establish the curing rate of the adhesive by monitoring the size of the 
peak at 2274 wave numbers, due to -NCO, in relation to a peak due to an un-
reacting component of the mix. Sample spectra are shown in Figure 22, (a) 
and (b) 
(2) the adhesive film in an area exposed by the etching process and in an area 
underneath the copper - by peeling away the copper to expose the film. 
Examples of the spectra are shown in Figure 22, (c) and (d). 
Figure 22: To show transmission spectra 
(a) 5mins. after mixing polyester resin and isocyanate cross-linking 
agent 
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Figure 22(b): 144 hours after mixing polyester resin and isocyanate cross-
linking agent 
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Figure 22(c): Adhesive film from etched area - adhesive exposed to 
aqueous solution- i.e. copper etchant 
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Figure 22(d): Adhesive film from covered area - protected by copper 
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It had been found that under-cured polyester adhesive bonding copper foil to the 
base polyester film remained tacky after processing, indicating that the cross-linking 
reaction was not completed. This adhesive was cross-lined by reaction between the 
isocyanate and terminal -OH groups on the polymer molecules, to form urethane 
linkages. The possibility existed, therefore, of free isocyanate cross-linking agent or 
low molecular weight un-polymerised fragments, in the adhesive, that could diffuse in 
to the over-printed polymer and result in changes in its electrical properties. 
In spite of some indication of the presence of -CN and -NCO in the adhesive 
protected beneath the copper, see Sections 6.6.3.2,6.6.3.3 and 6.7.3.2, it was 
unlikely that significant amounts of free isocyanate could remain after the aqueous 
processing stages since it would react immediately on contact with water. 
The results of the electrical tests showed that circuits made from laminate in this 
condition exhibited increasing resistance during active ageing and resistance linearity 
> 1.0; suggesting a probable effect of contamination. 
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However, the results of FTIR analysis shown in Figures 22 (c) and (d) do not reveal 
any traces of free isocyanate in the adhesive film even where it has been protected 
from aqueous process solution by the copper pattern; there is no peak showing 
above the background noise in coinciding with the sensitive absorption region for 
NCO at 2274 cm-1. 
Nevertheless, the results of the analysis of samples of the adhesive mix indicate a 
very slow rate of curing. This is demonstrated in Figures 22(a) and (b); even after 
144 hours the NCO peak at 2274 cm-1 is still significant. 
6.4 Micro-etching copper conductors 
6.4.1 Introduction 
The effectiveness of the procedure used in the removal of the antioxidant coating and 
for providing desirable surface topography of the copper electrodes was studied_ 
As previously noted, it is normal practice for the producers of electrolytic copper foil 
to apply a chromate or zinc chromate treatment to the surface of the copper to 
prevent oxidation during supply or manufacture. Micro-etching of the copper surface 
removes the chromate anti-oxidant layer from the copper and roughens its surface 
prior to application of the PTC ink. Failure to micro-etch produced a resistance 
linearity factor> 1.0; see Figure 23. This may be due to the presence of a high 
resistance layer, the chromate at the copper - PTC polymer interface and lor 
inadequate wetting of the copper by the polymer and, as a consequence, poor 
adhesion. 
It was also the practice to apply a temporary anti-tarnish treatment of benzotriazole 
by immersion in an aqueous solution - producing an adsorbed molecular layer of the 
agent on the copper surface to protect it from tarnishing during subsequent 
manufacturing operations. 
In order to explore the effects of these factors electrical testing was performed on 
specially assembled heater circuits incorporating the possible combination of 
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conditions - as listed in Table 3. Analysis was performed on the copper-polymer 
interface of selected samples prepared using different etch conditions, (see Section 
6.4.2.2) using AES. 
Table 3: To show the process variant groups 
Sample Process variant 
Group 
1 Micro-etched Cu + Benzotriazole copper anti-tarnish (Standard process) 
2 No micro-etch and no anti-tarnish treatment 
3 No micro-etch + Benzotriazole copper anti-tarnish treatment 
4 Micro-etched Cu + no copper anti-tarnish treatment 
6.4.2 Experimental 
6.4.2.1 Electrical testing 
The circuits incorporating the process variants listed in Table 3 were assembled to 
mirror glasses and subjected resistance and resistance linearity measurements and 
to cyclic powered ageing as described in Section 5.2.5 
6.4.2.2 Analysis using AES 
The instrument used in the initial work was the Varian Scanning Auger Electron 
Spectrometer described in Section 6.2.2 of this Chapter and the same experimental 
conditions were employed. The samples analysed were as follows: 
(1) Copper clad polyester laminate - as supplied 
(2) As (1) after main etch process ( chemistry) 
(3) As (2) after micro-etch in new solution (chemistry) 
(4) As (2) after micro-etch in 10 hours aged solution 
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Samples were prepared in accordance with Section 5.2.5 
6.4.3 Results and discussion 
6.4.3.1 Electrical testing 
Figure 23 shows the result of an ageing test in accordance with section 5.2.5 on 4 
heater samples having a resistance linearity factor less 1.2 and 4 having that factor 
greater than 1.2. 
Figure 23: To show the effect of micro-etching Cu surface on 
active ageing performance and resistance linearity 
60 day powered ageing test 
Micro-etched Cu, Lin.: 1.05 - 1.15 
Wl0~--------------------~ 
.<: 
.!!. 
Days ageing 
60 day powered ageing test 
No micro-etch, Lin.: 1.35 -1.45 
141~------------------------~------
10 20 30 40 50 
Days ageing 
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Max 
Min 
Mean 
STD 
Table 4: To show the effect on resistance linearity of circuits produced with 
and without micro-etch and/or anti-tarnish coating 
1 2 I I 3 4 
Mlcro-etch + No mlcro-etch I no No mlcro-etch + benzo Mlcro-etch I no 
benzotrlazoJe benzotrlazole trlazole benzotrlazole 
7(eS'S~ince 
ohms at: ~eS'S!ince ohms at: ~eS'S!ince ohms at: ~eS'S!ince ohms at: 
0.3 13.0 Un 0.3 13.0 Un 0.3 13.0 Un 0.3 13.0 volts volts volts volts volts volts volts volts 
6.2 5.54 1.15 9.4 5.42 1.98 8.3 5.5 1.53 6.3 5.59 
4.6 4.39 1.05 7 4.13 1.54 6.4 4.8 1.27 5.4 4.42 
5.65 5.10 1.10 8.03 4.70 1.71 7.34 5.18 1.42 5.90 5.11 
0.33 0.29 0.02 0.53 0.28 0.11 0.48 0.17 0.08 0.18 0.23 
Note that the ageing test conditions were as defined in Section 5.2.5 
The graphs in Figure 23 show the relationship between resistance linearity and 
resistance increase during active ageing. This figure shows a large increase in 
resistance linearity when no micro-etch was used. 
The importance of the resistance linearity factor being less than 1.2 for 
maintaining stable resistance during powered ageing of the heater circuits 
was also demonstrated. 
It was thought that if the chromate based antioxidant coating had not been removed 
from the copper, this could act as a high resistance layer between the copper and 
the PTC polymer, and result in a resistance linearity factor greater than 1.0. 
The presence of a thin insulating film, as might be predicted, resulted in a voltage 
dependent resistance, that is non-ohmic behaviour, and the high resistance linearity 
factor. 
The micro-roughening of the surface also served to increase the surface area 
presented to, and wetted by the PTC polymer and so tending to reduce the 
resistance of the device produced by a given carbon content in the polymer. 
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Un 
1.24 
1.08 
1.16 
0.04 
It is also noted that there was no significant difference between the mean resistance 
and resistance linearity factors measured for the micro-etched samples with and 
without the benzotriazole treatment. 
6.4.3.2 AES analysis 
Table 5a : To show the results of AES analysis for copper etched in new micro-
etch solution. 
Analysis Depth Composition· atom % 
area (nm) 0 Cr S Cl C Zn Cu 
A 0 4.2 0.0 0.0 11.3 46.4 0.0 30.8 
B 0 5.1 0.0 0.0 16.7 33.8 0.0 35.5 
B 3 2.5 0.0 0.0 15.1 20.8 0.0 57.8 
B 6 2.3 0.0 0.0 8.6 14.8 0.0 12.5 
B 10 2.4 0.0 0.0 6.0 8.8 0.0 81.3 
B 15 2.1 0.0 0.0 5.0 6.7 0.0 86.2 
Table 5b : To show the results of AES analysis for copper etched in aged 
micro-etch solution. 
Analysis Depth Composition - atom % 
area (nm) 0 Cr S Cl C Zn Cu 
A 0 7.8 0.0 0.0 7.7 35.5 0.0 39.5 
B 0 8.4 0.0 0.0 7.1 35.2 0.0 41.9 
B 3 1.0 0.0 0.0 0.0 9.6 0.0 88.6 
B 6 0.5 0.0 0.0 0.0 1.1 0.0 98.4 
B 10 0.5 0.0 0.0 0.0 1.1 0.0 98.4 
B 15 0.0 0.0 0.0 0.0 0.0 0.0 100 
The results in Tables 5(a) and (b), which give compositions in atom percent as a 
function of depth, should be regarded as semi-quantitative. 
N 
7.3 
8.9 
3.9 
1.7 
1.5 
0.0 
N 
7.5 
7.5 
0.8 
0.0 
0.0 
0.0 
As previously, compositions were derived experimentally using relative sensitivity 
factors based on CuO and ZnO reference materials; see Table 1. Depth scale 
calibration was based on theoretically derived etch rates for copper. 
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The results in Tables 5 (a) and (b) can be directly compared with those in Table 1 on 
as-produced copper. These data showed no evidence, on the sample tested, of Zn 
and Cr remaining on the surface after processing through new or 10 hour old micro-
etch solutions. Therefore, there is in both cases complete removal of the passivating 
oxide using the standard process chemistry either with fresh or "aged" solutions. 
There was no evidence of the formation of a thick oxide layer after micro-etch 
processing. 
The relatively high levels of C, N and Cl probably represent the presence of the 
benzotriazole monolayer that is applied immediately after the micro-etching process; 
the benzotriazole process solution was acidified with hydrochloric acid. 
6.5 Surface contact angle measurements on micro-etched and not micro-
etched copper 
6.5.1 Introduction 
The importance of the interface between the conductive polymer and the surface of 
the copper electrode pattern has been identified. Attempts have been made to 
identify the presence of oxide or other products of chemical reaction on the copper 
surface since these would present a high resistance layer between copper and the 
polymer. 
The copper surface, as manufactured, has been processed to give a layer of zinc 
chromate as a protection against oxidation or tarnishing during subsequent handling 
and lamination processes. It has already been shown that, if not removed, this can 
lead to high interface resistance and non-ohmic behaviour. 
In order to improve the electrical characteristic of the interface it is the normal 
practice, in the production process, to micro-etch the surface of the copper electrode 
pattern. It has been shown in section 6.4 that this procedure removes the chromate 
anti-oxidant coating. Micro-etching also removes approximately 1IJm of copper. The 
result is a micro-roughened but chemically reactive copper surface which is given a 
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temporary protective treatment with aqueous benzotriazole which leaves a 
monolayer of that material on the copper surface. 
There has also been limited evidence of a chemical reaction at the interface involving 
the isocyanate based cross-linking agent in the polyester adhesive, that bonds the 
copper to the polyester film substrate, and the copper surface. The analytical work, 
involving AES, SSIMS and LIMA, is reported in Section 6.6 
In order to add further data in to the characterisation of the interface, surface contact 
angle measurements were made on micro-etched and non-micro-etched copper that 
had been subjected to the curing stage of the etch resist application process but prior 
to the printing of the PTC polymer. 
Evidence of differing wettability of the test surfaces could indicate the presence of a, 
so far undetected, surface film or a difference in the physical properties of the copper 
surface. This could suggest possible incomplete removal of the zinc chromate anti-
tarnish coating or a high level of surface energy resulting from the chemical reaction 
of the micro-etching process. 
6.5.2 Experimental 
6.5.2.1 Test samples 
Material samples were taken from a heater circuit production line after printing of the 
etch resist pattern that defined the electrode pattern but before passing through the 
copper etching line. Each sample had an area of bare copper surface that had been 
subjected to the printing process and its associated UV curing stage; one of the 
samples was passed through the micro-etching process stage. 
Small pieces, approximately 2cm x 5cm, were cut from the samples and fixed to 
microscope slides for mounting on the equipment. 
Here it is noted that the manufacturing method for the copper foil employed involves 
electrolytic deposition on a polished stainless steel drum and the polishing lines on 
the drum are reproduced in the surface of the copper. This identifies mach ine and 
transverse directions in the copper. In view of the possibility of orientation dependent 
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characteristics samples were taken to provide contact angle measurements for both 
MD and TO orientations. 
6.5.2.2 Apparatus 
The apparatus used for contact angle measurement was: 
Data Physics OCA 20 Automatic Contact Angle Measuring Equipment with Software: 
SCA20 Version 1.60 
6.5.2.3 Method 
The following procedure was followed with distilled water as the wetting liquid: 
(1) Syringe filled with water and fitted into equipment. 
(2) Copper sample attached to slide located on microscope stage. 
(3) 1 ~I drop of water dispensed and held suspended at end of syringe needle. 
Profile displayed on screen. 
(4) Copper surface raised slowly until contact with water droplet just made and 
surface wetting took place. 
(5) Position of droplet adjusted in relation to needle until symmetrical 
contact angle situation achieved. 
(6) Automatic measurement and recording of contact angle procedure 
followed. 
(7) Procedure repeated to give approximately 12 measurements for each 
sample. 
(8) Procedure repeated for other samples, i.e. MD and TO on micro-etched and 
non-micro-etched copper surfaces. 
The wetting liquid was changed to dimethylformamide (OMF), which is the solvent 
used in the ink formulation and the procedure followed for distilled water was 
repeated. 
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6.5.3 Results and discussion 
Table 6: To show contact angles (mean) for distilled water and DMF 
(a) Distilled water 
Contact angle 0 
MD 
Copper not micro-etched 71.0 
Copper micro-etched 91.0 
(b) Dimethylformamide 
Copper not micro-etched <10 
Copper micro-etched < 10 
Note: MO = machine direction (parallel to surface scratches) 
TO = transverse direction (across surface scratches) 
TD 
83.4 
97.4 
<10 
< 10 
Contact angle too small for measurement «10 0 ) in both MO and TO 
for both micro-etched and not micro-etched copper. Subjective assessment 
suggested better wetting (lower contact angle) on non-micra-etched than on micro-
etched copper, for water. The relevance of this finding to the electrical performance 
of the circuits heater circuits will be discussed later in relation to the proposed failure 
mechanism; see Section 6.10.3 
6.6 Further analysis of the interface between copper and polymer 
6.6.1 Introduction 
The importance of the metal-polymer interface in relation to the establishment and 
maintenance of a resistance linearity characteristic close to 1.0 has been 
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demonstrated. In order to add more information on the possible presence of residues 
or reaction products on the copper surface at the interface, further experiments and 
analyses were performed. 
6.6.2 Experimental 
Samples having both low and high resistance linearity factors and a field failure were 
included in the samples analysed. The samples analysed by each method are listed 
below: Samples for AES analysis: 
(1) Heater circuit with a resistance (R) of 4.330 and resistance linearity (L) of 
0.99 
(2) Heater circuit with R = 5.870, L = 1.21 
(3) Circuit after main Cu etching process 
Samples for SSIMS analysis: 
(1) Production heater circuit: 
(2) Production heater circuit: 
L = 1.0 
L = 1.2 
(3) Heater circuit assembled in laboratory: L = 1.01 
(4) Heater circuit assembled in laboratory: L = 1.3 
(5) Field failure: R» 1000 
(6) Etchant 
(7) PTC polymer ink 
Samples for LIMA analysis: 
(1) Production heater circuit: 
(2) Production heater circuit: 
(3) Field failure: 
(4) Etchant: 
(5) PTC polymer ink: 
L = 1.0 
L = 1.2 
R» 1000 
The samples were prepared for analysis as described in Chapter 5, Sections 5.3.5 
and 5.3.6 
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6.6.3 Results and discussion 
6.6.3.1 AES data· compositional 
Table 7: (a) Heater circuit with low resistance linearity 
Sample label Depth Composition - atom % 
(nm) 0 S Cl C Cu N Ag 
Heater circuit. 0 4.8 0.5 6.2 69.0 15.9 3.5 0.0 
R=4.33n Lin.=O.99 0 4.5 0.5 11.7 51.3 28.4 3.7 0.0 
Track exposed by 3 3.5 0.0 3.3 28 65.3 0.0 0.0 
solvent wiping 10 2.8 0.0 1.0 12.2 84.1 0.0 0.0 
20 1.4 0.0 0.5 5.2 92.8 0.0 0.0 
Table 7(b): Heater circuit with high resistance linearity 
Sample label Depth Composition - atom % 
(nm) 0 S Cl C Cu N Ag 
Heater circuit. 0 5.1 0.4 3.2 86.3 3.2 1.9 0.0 
R=S.87Q. Lin.=1.21 3 3.9 0.7 6.4 52.3 34.3 2.5 0.0 
Track exposed by 6 2.0 0.0 2.2 29.7 66.1 0.0 0.0 
solvent wiping 10 1.3 0.0 0.0 16.3 82.4 0.0 0.0 
15 0.0 0.0 0.0 7.8 92.2 0.0 0.0 
Table 7(c: Circuit after main ammoniacal etch 
Sample Analysis Depth Composition - atom % 
label area (nm) 0 Cr S Cl C Zn Cu N 
After A 0 7.8 0.0 0.0 10.0 34.3 0.0 40.4 7.5 
main B 0 7.0 0.0 0.0 9.3 39.1 0.0 37.4 7.3 
etch B 3 0.7 0.0 0.0 0.0 3.6 0.0 95.6 0.0 
B 6 0.0 0.0 0.0 0.0 0.7 0.0 99.3 0.0 
B 10 0.0 0.0 0.0 0.0 0.0 0.0 100 0.0 
The analytical method was as described in Section 6.2.2. There was no evidence of 
a thick oxide film on the low or the high resistance linearity samples. 
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6.6.3.2 SSIMS data 
Table 8 - qualitative peak identification 
(ey 
\ = Adhesive Cu = Copper 
I = Large peak 8 = 8mall peak 
High' sample, Lin. » 1.0 
Low' sample, Lin. - 1.0 
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6.6.3.3 Lima data 
Table 9: LIMA results - peak identification 
Sample Area Positive ions Negative ions 
Production circuit copper CU,CU2,CU2CN CN,NCO,Cu(CN)" 
low resistance 50,90,F,CI in some 
linearity adhesive Na,K,Cu,55,77,91, CN,NCO,50,71 ,77, 
106,149 90,121 
Production circuit copper Na,K,Cu, CU2CN, CN, Cu(CN),,50, 
high resistance 43,59,91 90,F,Ci in some 
linearity adhesive Na,K,Cr,Cu,77,91, CN,NCO,77,90, 
106,149 121 
Field failure copper Na,K,Ca,CaF,Cu F,CN,NCO, 
Cu(CN)"Cu(CN), 
CNO,50,90 
adhesive Na,K,Cr,Ca,CaF, CN,NCO,50,71 ,77, 
77,106 90,121 
Etchant Na,K,Cu,NH4 ,CuOH, CI,CuCI2,CuCla, 
CuCI,Cu2CI CU2Ch 
Ink Na,K,CF,61 ,84,85, F, Cn 
132,180 
Note: certain peaks were identified only by mass numbers and were not assigned to 
specific ions. 
The results of the LIMA analysis suggest the presence of isocyanate cross-linking 
agent on the copper surface; indicated by the peak at mass 90 in the negative ion 
spectra and peaks at 26(CN), 42(NCO) and 50(C3N). There is a possibility that this 
may be due to transfer during removal of the PTC ink but should not have occurred if 
the isocyanates were fully crosslinked with the polyester. Peaks were also present 
due to combinations of Cu and CN fragments which could indicate that a copper 
complex was formed on the surface. 
The isocyanate features were observed in all the samples analysed whether of high 
or low resistance linearity and any relationship to 'good' or 'bad' may be a matter of 
degree. It is important to note that LIMA is a qualitative rather than a quantitative 
analytical technique. 
Other minor copper related features included peaks at 101/103, 108/110, 124/126 
and 133/135 which may be assigned to CuF2, CuFCN, CuCICN and CuCI2 but with 
no relationship to the resistance linearity characteristic. 
84 
Similarly there was no correlation between the SSIMS peaks observed and the 
resistance linearity performance of the heater circuits. Many of the peaks were also 
present in the spectrum of the polymer ink itself and their appearance could indicate 
incomplete removal of the ink since SSIMS is sensitive to approximately 1 % of a 
monolayer of material. 
6.7 Alternative finishes for the copper traces 
6.7.1 Introduction 
The effect of altering the nature of the interface by applying metallic coatings to the 
copper was investigated. In particular, electroless coatings of silver and tin were 
used. Significantly, silver oxide is conductive. The duplex coated pattern was over-
coated with the PTC polymer and heater circuits assembled for electrical testing. 
6.7.2 Experimental 
Coatings of silver and tin were applied by electroless deposition, approximately 
O.21Jm thick, from commercial solutions, 'Stirling' silver and 'Unicron' tin, to the etched 
copper electrode patterns before the over-printing of the PTC polymer. The ink was 
then cured normally. 
The resulting heater circuits were subjected to resistance linearity measurement and 
analysis of the metal surface in the interface. Samples were prepared as stated in 
Chapter 5, Section 5.3.6. 
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6.7.3 Results and discussion 
6.7.3.1 Electrical testing· resistance linearity 
Table 10: Showing resistance linearity values for silver and tin coatings on the 
copper surface in contact with the PTC polymer film 
Copper pattern finish Sample No. Resistance Mean (L) 
linearitv CLI 
None - control 1 1.30 
2 1.33 1.32 
3 1.33 
4 1.29 
Electroless Sn (Unicron) 1 1.34 
2 1.38 1.32 
3 1.30 
4 1.24 
Electroless Aa (Stirlina) 1 1.00 
2 0.99 1.00 
3 1.00 
4 1.00 
Changing the substrate and hence the interface, by electroless deposition of a thin 
layer of silver on the copper surface before application of the PTC ink, produced a 
resistance linearity factor of 1.0. 
This may relate to the electrical conductivity of silver compounds, in particular oxide 
and sulphide, in contrast to those of copper, or the absence of any chemical reaction 
between the copper surface and constituents of the adhesive. 
In contrast, application of a tin coating instead of silver, on to the copper pattern 
produced a resistance linearity characteristic similar to that of the uncoated copper; 
see Table 10. In contrast, it may be noted that the oxide layer on the tin surface is not 
electrically conductive. 
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6.7.3.2 Analysis 
6.7.3.2.1 AES data· silver coated copper 
Table 11: composition atom % 
Depth 0 S Cl C Cu N Ag 
(nm) 
Ag coated, exposed 0 2.8 1.1 4.7 80.0 3.5 0.0 7.9 
contact pad 
Ag coated, track 0 2.2 1.5 13.0 49.2 1.2 0.0 32.8 
exposed by solvent 
wiping 3 0.0 0.0 1.0 17.5 0.0 0.0 81.5 
6 0.0 0.0 0.0 7.5 0.0 0.0 92.5 
6.7.3.2.2 LIMA data - silver and tin coated copper 
Table 12: LIMA analysis results 
Samole Positive ions Negative ions 
Production circuit copper Na,K,Cu,CU2CN CN,NCO,50,90, 
Resistance CU(CN)2. 
linearity = 1.2 someCl,F 
adhesive Na, K,Cr,105/106, 149 CN,NCO,50,71 ,77,90,97,121 
copper edge on Cu, small K CN,Cn 59,90, 
CU(O.i)2 
Silver coated Cu silver Ag,A92 CI,CN,AgCI2, F in some 
Resistance adhesive Na,K,91,106 CN,NCO,50,71 ,90, 
linearity = 1.0 121 
silver edge on Ag, Cu in some CI,F, small Cn 
Tin coated Cu tin CU,Sn F,CI,CN,NCO,P02, 
Resistance P03,Sn 
linearity = 1.49 adhesive Na,K,91,106 CN,NCO,50,71 ,77, 
90,121 
tin edge on Cu O,OH,F,CN,CI,Cn,NCO,89 
The production sample with a resistance linearity factor of 1.2 gave similar results to 
those obtained previously. Peaks indicating the presence of isocyanate were evident 
for both the top surface and the edge of the copper track. 
The results obtained for the silver and tin coated samples did not show similar 
features. 
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The silver coated sample gave strong peaks due to Cl' and F" and peaks due to 
AgCI2,- probably related to the silver deposition process, 
Peaks due to Cl' and F" were also found on the surface of the tin coating, The peaks 
at 63 and 79 can be assigned to P02- and P03-and, in this case, may be related to 
the tin deposition process 
In general, no relationship was detected between resistance linearity performance of 
the heater circuit samples and any of the chemical species identified, 
Also, it should be noted that no evidence was found of the retention of etch ant within 
the adhesive after the etching process, 
6.8 Influence of drying and curing temperatures, applied to the polymer 
film during manufacture, on resistance linearity 
6.8.1 Introduction 
The effect of variation in the temperature applied to dry and cure the wet ink film on 
the resulting resistance and resistance linearity factors was explored, 
6.8.2 Experimental 
Test samples were produced by applying a rectangular area of PTC polymer ink to 
an etched circuit pattern using a stencil technique, The same sample of PTC polymer 
ink was used for printing all the test pieces, The test pieces were dried and cured at 
temperatures in the range 90'C to 120'C for 1,5 minutes, 2 minutes, 4 minutes and 8 
minutes, 
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6.8.3 Results and discussion - See Table 13 and Figure 23 
Table 13: To show the effect of drying time and temperature on resistance 
linearity 
Oven temp. Drying Resistance linearity (Mean 
(OC) time of 4 samples) 
Oven A OvenB 
90 8 1.13 1.10 
100 8 1.16 1.12 
110 8 1.30 1.24 
120 8 1.34 1.29 
100 4 1.19 1.11 
110 4 1.13 1.10 
120 4 1.31 1.27 
100 2 1.07 1.01 
110 2 1.06 1.02 
120 2 1.18 1.15 
100 1.5 0.99 1.00 
110 1.5 1.09 1.02 
120 1.5 - 1.12 
Notes: Oven A - laboratory oven, L TE G80, Oven B - Thermal shock cabinet, top 
chamber. Air circulation in the thermal shock cabinet was much more vigorous than 
in the L TE G80. The samples dried in oven B appear to have somewhat lower 
resistance linearity factors for almost all the temperature conditions. This may be due 
to the more efficient removal of solvent vapour from the drying polymer by the 
vigorous airflow over the surfaces of the samples compared to the static conditions in 
oven A. 
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Figure 24: To show the relationship between resistance linearity and the drying 
/ curing conditions employed for the PTC polymer. 
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These graphs indicate that to achieve initial resistance linearity factors close to 1.0, 
for the drying conditions employed, the optimum drying conditions are in the range 
100'C - 11 O'C for 1.5 minutes to 2 minutes. 
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Higher curing temperatures and longer dwell times at temperature resulted in higher 
resistance linearity factors. This may be due to the progressive formation of a 
polymer rich layer at the interface, as is discussed in the following Chapters. 
Investigation of the effect of thermal history on the polymer composite is reported in 
Section 6.12 of this Chapter, which deals with its structure, properties and interface 
with the copper traces. 
6.9 Exposure to high temperature after manufacture 
6.9.1 Introduction 
Heater circuits may be exposed to high temperatures, applied or self generated, 
during test or in service. 
It is a requirement of an initial stage of a test programme for mirror heaters that they 
shall be exposed to 90°C for 48 hours. This requirement originates in test 
specifications for electronic components as a means of accelerating potential failure 
mechanisms. The application of this condition to PTC heaters is questionable since it 
will be seen that the 90°C temperature coincides with the melting point of the PTC 
polymer and, since the dwell time is 48 hours, some re-melting will occur, resulting in 
structural change and probable resistance increase. 
6.9.2 Experimental 
Groups of 10 circuits were exposed to temperatures in the range 70°C to 130°C; 3 of 
each group were subjected to powered ageing, (as detailed in Section 5.2.5). The 
resistances and resistance linearity factors of all the samples were monitored during 
the 60 day test. 
In addition, heater circuits were produced employing a number of commercially 
available PTC polymer inks. The resulting devices were exposed to 90'C for 48 
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hours. The electrical resistance of the circuits was measured initially and following a 
24 hour recovery period at the end of the test. 
6.9.3 Results and discussion 
6.9.3.1 Exposure to temperatures in range 70·C to 130·C for 1 hour 
A summary of the results of the measurement of resistance recovery after exposure 
to the high temperatures is given in Table 14. The effect on the resistance linearity 
factor, over the first 7 days of powered ageing, is given in Table 15. Table 14 also 
summarises the results of powered ageing (see Section 5.2.5), on 3 heater circuits 
from each group of 10 exposed at each temperature. The powered ageing results are 
shown graphically in Figure 25. The resistance of the devices that had been exposed 
to 130·e increased very rapidly during the ageing test. Results from samples 
otherwise exposed up 11 ooe showed no sensitivity in resistance linearity with 
temperature exposure. 
Table 14: To show the effect of high temperature exposure on resistance 
Test time 
(days) 
Mean res. 
standing 
samples 
Temp. 
'c 
70 
90 
100 
110 
130 
Mean res. 
aged samples 
-3 -2.9 -2 -1 3 7 14 21 28 35 42 49 61 
Un Relstance before test start Resistance during test (0) 
Start (0) 
8.02 8.78 8.12 7.86 8.07 7.93 7.80 7.78 7.77 7.68 
7.84 10.37 8.98 8.73 8.79 8.68 8.40 8.39 8.28 8.25 
7.55 12.06 10.34 10.09 9.95 10.52 9.21 9.16 8.99 9.00 
7.96 12.59 10.89 10.39 10.27 10.09 9.76 9.75 9.51 9.60 
7.42 41.00 11.72 11.27 10.99 10.54 10.36 10.35 10.11 10.18 
7.58 
7.97 
8.66 
9.15 
9.54 
Lln 
End 
70 1.09 8.17 8.36 7.70 7.50 7.22 6.86 6.74 7.01 8.50 9.66 10.15 10.64 10.54 1.13 
90 1.04 7.69 10.49 9.01 8.76 8.55 8.14 8.02 8.20 9.29 9.44 9.73 9.91 9.77 1.06 
100 1.03 7.74 10.37 9.00 8.80 8.08 7.63 7.50 7.58 7.68 7.73 7.88 7.90 7.82 1.04 
110 1.03 7.01 11.40 8.95 8.69 8.79 8.54 10.32 11.41 13.42 14.25 14.90 15.39 15.18 1.12 
130 1.03 7.66 37.51 10.88 10.63 30.6 38.6 66.0 99.37 146 185 246 310 454 
""Resistance linearity factor too high for measurement by the test equipment 
Recovery after 60 minutes exposure to high temperatures, 1 st 3 of each temperature 
subjected to 60 day ageing test. For detailed results see Appendix 3 . 
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Table 15: Resistance linearity factor after 60 minutes exposure to high 
temperatures 
Resista nce li nearity - mean va lues - measured at 13 volts 
Temp. 
·C 
70 
90 
100 
110 
130 
o 
1.06 
1.03 
1.03 
1.03 
1.04 
0.06 
1.06 1.05 
1.17 1.13 
1.39 1.38 
1.77 1.58 
3.63 
For detailed results see Append ix 4 
2 5 7 
1.08 1.10 1.04 
1.15 1.14 1.13 
1.24 1.45 1.49 
1.57 1.67 1.71 
3.29 2.87 3.45 
Test time 
(days) 
Figure 25: To show the effect of high temperature conditioning on powered 
ageing. 
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The results show a marked deterioration in resistance and resistance linearity factors 
at temperatures exceeding the melting point of the polymer film, i.e. approximately 
90'C; the 130' C exposure produced very high resistance and resistance linearity 
values . 
This may be due to agglomeration of the carbon and reduction in the number of 
complete un-interrupted connections between the electrodes and/or possible 
reaction , such as oxidation at the electrode / polymer interface. 
6.9.3.2 Effect of exposure to 90' C for 48 hours. 
The resulting resistance measurements given by the alternative carbon loaded 
polymers are listed in Table16 . 
Table 16: To show comparison of various PTC polymers after exposure to 90 'C 
for 48 hours 
Polymer Resistance (ohms) 
Initial After 90' C for 48 hours + 
24 hours recovery 
A 11.90 15.10 
B 13.43 16.16 
C 9.15 11.53 
0 10.35 14.87 
E 5.73 6.72 
The listed polymers were commercial products involving various polymer composites, 
all incorporating carbon black conductive fillers; they were included to demonstrate 
the variation in resistance and stability exhibited by composites employing different 
polymer bases. 
In the case of all the heaters tabled above, there was a rise in resistance after 
exposure to 90°C for 48 hours and a minimum 24 hour recovery period . 
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6.10 Effect of process chemicals 
6.10.1 Introduction 
Possible contamination of PTC polymer with process chemica ls was investigated. 
Potential causes of contamination include: water, dilute alkali (NaOH), dilute mineral 
acid (H2S04, H3P04), dilute acetic acid, etchant solution (ammoniacal CuCI2) which 
might remain absorbed in the adhesive film that bonds the copper electrodes to the 
base polyester film. Such residues could diffuse into and contaminate the PTC fi lm; 
see Section 3.2.5. 
6.10.2 Experimental 
Chemical additions were made to the PTC ink, before it was printed on the heater 
circuits and cured, to simulate the effect of contamination absorbed by the circuits 
while they were being processed through the etching line. The mechanism of 
contamination could involve diffusion into the ink after printing and during curing; the 
ink solvent, dimethylformamide, is completely miscible with water. 
The etching process chemistry additions were : 
• Deionised water, 1 % w/w 
• Copper etchant (NH4CI, 200g .I-1 with free ammonia to pH 8.5) 
• Micro-etch: sodium persulphate, 120 gpl , 5% sulphuric acid 
• Water rinses between each process stage with final de-ionised water rinse. 
Additionally chemicals that might improve adhesion of the PTC polymer film to the 
copper electrodes were added in trace amounts; see Table17 . 
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6.10.3 Results and discussion 
Table 17: Showing the resistance linearity values resulting from contamination 
of the PTC polymer ink with process chemicals 
Agent %wlw Resistance 
linearity 
None (control) - 0.99 
De-ionised water 1.0 0.99 
Copper etchant 1.0 1.11 
Copper etchant + micro-etch 1.0 1.16 
Acetic acid 1.0 0.99 
Acetic anhydride 1.0 1.13 
Adhesion promoter, PU 427* 0.5 1.29 
* Commercial product 
Fig 26 - To show the effect of process chemicals on the resistance linearity 
factor 
Effect of process chemicals on linearity factor 
14 r-------------------------------~--------------------__, 
12 
~ 0 .8 1----1 
" ! 
~ 06 1----1 
::l 
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0.2 1----1 
Chemical addition 
C Control , no addition 
. Water 
1---1 o Etchanl 
OMlCfO-elch 
• Micro-elch +etch 
o Acetic acid 
. Acetic anhydode 
o PU427adhn.promoter 
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No increase in res istance linearity was produced by the deliberate addition of 
traces of pure water or micro-etch solution , (a complex persulphate plus 
sulphuric acid), to the PTC film. The additions were made to the PTC ink before it 
was printed on the heater circuit and cured , in order to simulate the effect of 
contamination by the etching process chemicals . However, a large increase in 
resistance linearity was produced by the addition of traces of copper etchant to the 
PTC film as well as copper etchant plus micro-etchant. See Figure 26. 
Acetic acid did not affect the resistance linearity factor but acetic anhydride and a 
commercial adhesion promoter produced an increase; see Table 17 
However, no evidence of etchant contamination was found in the adhesive regions of 
high or low resistance linearity samples when analysis was performed using 
secondary ion mass spectrometry and laser microprobe mass spectrometry; see 
Section 6.6.3.2, Table 8 (SSIMS), Section 6.6.3.3, Table 9 (LIMA) and Section 
6.7.3.2.2, Table 12 (LIMA), for analytical data . 
6.11 Effect of mechanical stress during processing or assembly. 
6.11.1 Introduction 
Investigation of the observed increase in resistance of functionally failed heater 
circuits when stressed by the process of separation from the mirror glass was carried 
out. 
6.11.2 Experimental 
To facilitate separation of the adhesive bonded layers, the samples were cooled to 
-30°C. After removal of the plastic back-plates , heater circuits 1 and 2 were stuck to 
pieces of rigid FR4 laminate so that the environmental seals could be peeled away 
without further flexing the heaters. Residual pressure sensitive environmental seal 
adhesive was rubbed from the surface of the PTC film while the heaters remained 
firmly attached to the laminate. 
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The environmental seal is a 50~m thick polyester film applied to protect the PTC 
layer. Resistance and resistance linearity measurements were made before and after 
separation of the assembly. 
6.11 .3 Results and discussion 
Separation of a heater circuit from its assembly with mirror glass and plastic 
backplate requires the exertion of significant mechanical force, with a peeling 
operation being performed on the circuit; this produces a large increase in resistance 
of field fa ilure heaters. Similar stressing of unused heaters does not result in 
increased resistance; see Table 18. 
Table 18: To show the effect of mechanical stress on resistance and 
resistance linearity characteristics 
Sample description Resistance Resistance 
(ohms) linearity 
1. After powered operation : 
As received 53.6 1.29 
After separation 72.4 1.35 
2. After powered operation: 
As received 326 nla 
After removal of backplate 412 nla 
After removal of environmental 413 nla 
seal 
After removal of adhesive 1,016 nla 
3. Unused 
As received 5.30 1.11 
After removal of back-plate 4.74 1.11 
After removal of envi ronmental 4 .89 1.11 
seal 
After removal of adhesive 4.98 1.09 
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6.12 Carbon loading of the polymer 
6.12.1 Introduction 
The conductive filler that produces electrical conductivity in the polymer composite is 
typically carbon black, as in the case of the material that is central to the present 
work. The effect of variation in the concentration of carbon in the polymer is explored 
in this section. 
The nature of the carbon filler, its particle size, volume fraction and the influence of 
the percolation threshold on resistance, resistance linearity and ageing performance 
is discussed in Chapter 9. 
6.12.2 Experimental 
The resistance v temperature behaviour of heater circuits having PTC polymer films 
containing 14%, 16%, 18% and 20% w/w of carbon was measured as described in 
Section 5.2.3. 
The resistance and resistance linearity change after exposure to temperatures at 
10·C intervals between 90·C and 130·C was determined as described in Section 
5.2.4 
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6.12.3 Results and discussion 
Analysis of resistance linearity data for standard production heater circuits indicated 
that the resistance linearity factors approached 1.0 as the carbon loading of the 
polymer was increased. As a result, heater circuits have been deliberately produced 
having a carbon loading of 20% w/w in contrast with the normal loading that is in the 
region of 14%. These circuits were found to have resistance linearity factor of 1.0 and 
to be much less sensitive to exposure to temperatures> 90°C than the standard 
product. 
The PTC characteristic became less pronounced, however, as the carbon loading 
increased. See Figure 27a. 
Figure 27a: To show resistance v temperature behaviour of heater circuits with 
different carbon loading 
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Table 19: To show the effect of high (20%) and low (14%) carbon loading on 
resistance and resistance linearity over the temperature range 90·C to 130·C 
Temp./(sample) Resistance after high temp. exposure and 
Initial +30 mins +24 hours +48 hours 
0 0 0 0 
90' C (A) 8.15 9.54 8.98 8.92 
90' C (8) 5.23 7.94 6.68 6.57 
100·C (A) 8.57 10 9.45 9.38 
100·C (8) 5.27 8.98 7.23 6.95 
110'C (A) 8.38 11 .37 10.56 10.33 
110·C (8) 5.29 9.64 7.38 7.2 
120' C (A) 8.34 11.66 10.38 10.33 
120·C (8) 5.26 13.59 9.31 9.16 
130·C (A) 8.29 12.06 11 .17 11 .01 
130·C (8) 5.39 11.47 8.97 8.84 
Temp./(sample) Resistance linearity after high temp. exposure 
Initial +30 mins +24 hours +48 hours 
90' C (A) 1 1.01 1 1 
90' C (8) 1.02 1.11 1.07 1.06 
100' C (A) 1 1.01 1 1 
10Q"C (8) 1.01 1.31 1.22 1.21 
110'C (A) 1 1.02 1 1.01 
110·C(8) 1.01 1.59 1.44 1.44 
120·C (A) 1 1.02 1.01 1.01 
120·C (8) 1 1.7 1.67 1.64 
130'C (A) 1 1.04 1.02 1.02 
130'C (8) 1 1.72 1.64 1.6 
Note: the experimental samples, designated (A), employed 20% w/w carbon loaded 
PTC polymer whi le the samples labelled (8) were examples of standard production 
and employed approximately 14% w/w carbon loaded polymer. The relatively high 
initia l resistance of the experimental samples was due to a revision of the copper 
circuit pattern with wider inter-electrode (trace) gaps, to accommodate the lower 
resistivi ty of the 20% w/w carbon loaded polymer. 
The results are shown graphically in Figure 27b. 
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Figure 27b: To show the recovery of resistance and resistance linearity after 
exposure of completed heater circuits to temperatures in the range 90· C to 
130·C for 1 hour 
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6.13 The structure of the conductive polymer composite and its interface with 
the copper traces . 
As described in Section 2.1, the distribution of the conductive phase can significantly 
influence the possible conduction mechanisms by the provision, or otherwise, of 
pathways between the copper traces. It is apparent that the interface between the 
copper electrode pattern and the PTC polymer is a significant factor in the resistance 
linearity phenomenon. 
The work reported here, forms part of an investigation to determine structure of the 
polymer, the chemical and physical properties of the copper - polymer interface and 
the changes affecting the resistance linearity characteristic. 
Detai led examination of polymer and interface structure using FEGSEM is reported in 
Chapter 8. 
6.13.1 Investigation of the polymer using DSC 
6.13.1.1 Introduction 
DSC thermograms are used to identify glass transition temperatures and to illustrate 
the effect of the thermal histories of polymers, on their internal structures and the 
temperature ranges associated with melting . 
6.13.1.2 Experimental 
Sample heater circuits with different thermal histories were analysed using the 
equipment described in Chapter 5, Section 5.3.1 
The following samples were analysed : 
• heater circuits as manufactured 
• heater circuits annealed at 80°C for 1 hour 
• heater circuits after powered ageing, (see Section 5.2.5) 
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• PTC ink, 20% carbon, cured at 120·C for 5 mins; 
• PTC ink 13.5% carbon, cured at 120·C for 5 mins; 
• Production ink blend, 13.5% /20% carbon, cured at 120·C for 5 mins; 
• Production ink blend, 13.5% /20% carbon , cured at 120·C for 5 mins, 
annealed at 70·C for 1 hour. 
6.13.1.3 Results and discussion 
Examples of two of the DSC curves obtained are shown in Figures 28a and 
28b. 
Figure 28(a) : To show the DSC CUNe for PTC polymer - heater circuit as 
manufactured 
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Figure 2B(b): To show the DSC curve for PTe polymer - heater circuit 
annealed at BO·e for 1 hour 
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DSC analysis on the PTC film showed that melting commenced at approximately 
70°C with the nominal melting point being in the region of 88°C to 93°C. There 
was some evidence of structural differences between samples having different 
thermal histories 13. After annealing at 80·C the melting point increased by - 3·C. 
6.13.2 Investigation of polymer properties using CASM 
6.13.2.1 Introduction 
The CASM system was used in an attempt to identify different phases in the 
polymer structure and to measure the electrical resistance of the polymer film 
at a microscopic scale. 
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6.13.2.2 Experimental 
The resistance measurements were made from the probe, which was positioned on 
the polymer film, to the copper conductor. 
The technique was applied to sections through used and unused PTC heaters. 
Samples measured were: 
An unused heater circuit; resistance: 7.27 ohms 
Field failure heater circuit; resistance: 1,785 ohms 
6.13.2.3 Results and discussion 
Calorimetric Analysis with Scanning Microscopy revealed that the thermal 
images of field failures were different to those of unused samples while that of 
an aged sample was similar to that of a field failure. 
Local thermal (TMA and MTDSC) suggested that inhomogeneity was greater in a 
field failure than an unused sample34. 
There was indication of inter-diffusion of the copper adhesive and PTC ink layers in 
the field failure. There was also indication of a surface layer on the copper conductor 
on the field failure; this was not present on the unused sample. 
Measurements of PTC resistivity using a method developed with the CASM system 
indicated that there was no significant difference between the resistivity of the PTC 
ink on unused samples and samples that had developed high resistance and 
functionally failed. 
No difference in PTC resistivity was measured between a high resistance Field 
failure (1 kn +) and an unused heater. The measurement was made using the CASM 
system (see Table 20). Although this result appears to be very significant it is noted 
that it relates to one or two small areas on one heater in each case. 
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Table 20: To show the results of resistance measurements on a heater circuit 
using the CASM system. 
Point of measurement Resistance (Kohms) 
Unused sample Functional failure 
On the Cu trace 43 50 
Half way between Cu traces 500 -1000 200 -300 
Quarter way between traces 115 109 
6.13.3 Interface analysis using reflection FTIR spectroscopy 
6.13.3.1 Introduction 
Reflection FTIR spectroscopy was employed to analyse the surface of the copper 
underneath the polymer film. 
6.13.3.2 Experimental 
The following samples were selected for analysis: 
1) Heater circuit as manufactured 
1.02 
Resistance linearity 
2) Heater circuit after subjecting to 100°C for 1 hour 
3) Heater circuit with PTC polymer having 20% carbon 
loading 
Resistance linearity 
1.78 (1.13 before 
exposure to 100°C) 
Resistance linearity 1.0 
The analytical equipment employed was: 
System: Nicolet 20DXC FTIR Spectrometer with microscope 
Conditions: Resolution: 4 cm,1 
Signal averaged over 200 scans 
Reflection spectra were also produced for the following: 
(4) Background 
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(5) Water vapour 
(6) Copper surface as manufactured (Lin. 1.02) 
(7) Copper surface - high resistance linearity (Lin. 1.78) 
(8) Copper surface - 20% carbon PTC (Lin. 1.00) 
(9) Copper surface - high resistance linearity, repeat (Lin. 1.79) 
An attempt was made to record spectra from the mating PTC surfaces but with no 
success; no reflection was obtained from the carbon rich, matt black surfaces. 
6.13.3.3 Results and discussion 
Figure 29(a): To show FTlR spectra 
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No difference was observed between the spectra of the four copper surfaces 
analysed. There was a possible indication of the presence of carbonyl grouping(s) in 
the region 1500cm-1 to 1700cm-1 
There was a significant difference in the appearance of the copper surfaces. 
Samples (2) and (7) were darkened and appeared 'oxidised'. Samples (1) 
and (3) had clean surfaces. 
These analyses were inconclusive; no major difference was observed between the 
spectra of the four copper surfaces analysed. There was a possible indication of the 
presence of carbonyl groups in the region 1500cm-1 to 1700cm-1. 
The results of the FTIR spectroscopic analysis indicated that the reaction product, 
which was causing darkening of the copper surface, could be inorganic rather than 
organic in nature. 
6.13.4 Interface analysis using AES 
6.13.4.1 Introduction 
The significant darkening of certain of the samples submitted for FTIR analysis has 
been noted. This darkening was typical of heater circuits that have been conditioned 
at high temperature (90°C to 130°C) or had failed during powered ageing tests or in 
service and had developed a high resistance linearity characteristic. 
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Samples exhibiting high resistance linearity and a darkened copper surface were 
analysed by AES along with samples having resistance linearity close to 1.0 and no 
darkening of the copper surface. 
6.13.4.2 Experimental 
The samples analysed were as follows: 
(5) Fully processed mirror heater circuit with silver coating (electrloess silver 
process; Stirling silver, MacOermid) 
(10) Mirror heater circuit with a resistance = 4.33 ohms and 
resistance linearity factor of 0.99. Track exposed by wiping with acetone 
(11) As (6) with resistance = 5.87 ohms and resistance linearity factor = 
1.21 
(12) As (1) supplied by alternative manufacture 
(13) As (2) - second control sample 
Samples were prepared in accordance with Section 5.3.5 
6.13.4.3 Results and discussion 
The analysis was concentrated on the copper surface. No difference in the species 
present on the darkened and non-darkened surfaces was detected. In particular 
there was no evidence of extensive or additional oxide formation. This appears to 
confirm the earlier results of AES analysis performed during the initial stages of the 
investigation. 
It is, however, possible that in the separation of the polymer film from the copper, the 
interface reaction product was transferred with the polymer. Analysis of the polymer 
layer that had been in contact with the copper at the interface, will form part of the 
ongoing investigation. 
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6.13.5 Interface examination using scanning electron microscopy 
6.13.5.1 Introduction 
The samples listed below were examined using low resolution SEM as described in 
Section 5.3.4. 
6.13.5.2 Experimental 
The following samples were submitted for analysis: 
Heater circuits having air dried PTC ink. 
Heater circuits, various types, as manufactured - no ageing. 
Heater circuits, actively aged, i.e. powered for 23 hrs, off 1 hr. for 60 days. 
Heaters that had functionally failed due to high resistance. 
6.13.5.3 Result and discussion 
SEM examination revealed voids at the copper I PTC interface on both field failures 
and laboratory aged heater circuits, see Figure 30 
Figure 30: Plan view showing SEM photograph offunctional failure, 
resistance 747 ohms, showing interface voids 
PTC film 
on 
adhesive 
PTCfilm 
on copper 
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Some doubt existed whether the voids were involved in the failure mechanism or 
whether they had been produced by the physical stress involved in sample 
preparation. 
6.13.6 Interface analysis using SSIMS 
6.13.6.1 Introduction 
Examination of the copper - polymer interface in order to determine the 
presence of contaminating chemicals from the etching process, was pursued 
through analysis of the copper surface using SSIMS. 
6.13.6.2 Experimental 
The samples were prepared and analysed as described in Section 5.3.6. In addition 
to the samples prepared from heater circuits, small quantities of the polymer film and 
solid residues from the etchant solution were also analysed. 
The samples analysed were: 
• Production heater circuit, resistance linearity close to 1.0 
• Production heater circuit, resistance linearity 1.2 
• Laboratory test sample, resistance linearity 1.01 
• Laboratory test sample, resistance linearity 1.3 
• Field failure heater circuit 
• Ammoniacal circuit etchant 
• PTC ink. 
6.13.6.3 Results and discussion 
There was no evidence of etchant chemicals or reaction products on the copper 
surface. Possible traces of -CN were detected. The slight trace of -CN resulted in 
persistence with interface analysis. 
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6.13.7 Interface analysis using LIMA 
6.13.7.1 Introduction 
In a further attempt to identify contaminating residues or products at the interface, a 
LIMA technique was employed 
6.13.7.2 Experimental 
The equipment used is described in Section 5.3.7 
Samples analysed were: 
• Production heater circuit, resistance linearity 1.2 
• Functionally failed heater circuit 
• Circuit, ammoniacal etchant (ammonium chloride / ammonia) 
• PTC ink 
• Heater circuit with silver coated Cu pattern, resistance linearity 1.0 
• Heater circuit with tin coated Cu pattern, resistance linearity 1.49. 
The samples were prepared for analysis as described in Section 5.3.6 - for SSIMS 
analysis. 
6.13.7.3 Results and discussion 
There was no evidence of ammoniacal etchant residues on the copper surface. As 
for SSIMS a possible trace of -CN was again detected. Both the SSIMS and LIMA 
techniques gave indication of the presence of carbon and nitrogen on the copper 
surface, possibly in the form of -CN or NCO. 
Here it may be noted that a bright layer was seen on the outer surface of the copper 
traces on a field failure during CASM examination, possibly indicating a surface layer 
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or discontinuity while analysis of the copper I PTC interface using AES, SSIMS and 
LIMA revealed: 
• No evidence of an oxide film on the copper 
• No residue of zinc chromate on the copper to traces of process chemicals on 
the copper surface or in the adhesive layer 
• Evidence of possible traces of isocyanate and copper cyanide on the copper 
surface. 
6.14 Examination of functionally failed, i.e. failed in service, heater circuits 
Functionally failed heaters had electrical resistance from x10 to over x100 of their 
initial value of 5 to 6 ohms. There was no apparent correlation between the age or 
service life of the heaters and the measured resistance 35. No visual defects were 
detected when the heaters were viewed at x10 magnification. There was no damage 
to the heater circuit, no cracking of the copper track or other damage to the heater or 
terminations. 
The possible development of voids at the copper-polymer interface has been 
reported in Section 6.13.5.3. 
Details of the structural examination of functionally failed heater circuits and 
conclusions concerning the mechanism leading to high resistance and subsequent 
failure are given in Chapter 10. 
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CHAPTER 7 
A STUDY OF THE PERCOLATION THRESHOLD 
7.1 Determination of percolation threshold 
7.1.1 PTC polymer film conductivity v carbon loading 
In order to examine the effect of increasing levels of carbon in the composite a range 
of samples of ink were obtained with carbon loading starting at 2%w/w and 
increasing by 2%up to 10% w/w. and then, 10.5%, 11 %, 11.5%, 16% and 20% w/w. 
These inks were used to print test panels for the measurement of electrical 
conductivity, using the equipment shown in Figure 31, and for producing samples, as 
described in Section 5.3.4 and illustrated in Figure 19, for structural examination with 
FEGSEM. 
The results of the electrical measurements are summarised in both tabulated and 
graphical form in this Section and the results of the FEGSEM examination of fracture 
sections are given. Half of the samples for FEGSEM examination were cured at 
120'C before fracturing. 
The results of the electrical measurements on samples containing carbon black in 
the range 8% to 20% w/w are summarised in Table 21and Figures 32(a) and 32(b). 
These clearly show the existence of a percolation threshold in the region of 10% to 
11 % w/w of carbon. 
Detailed results are given in Appendix 5. 
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Figure 31: To show the test equipment and a test sample 
Programmable power and Keithley 
Micro-ammeter used for 4 terminal 
current measurement. 
Test panel, 10mm wide rectangle of 
PTC ink printed across 2mm gap 
Between Cu electrodes, using 511 thick 
polyester film stencil 
Table 21: A summary of test results for resistance v carbon percentage 
Air Dried Carbon ('%) Voltage (v) Current (mA) Std Dev 
10 0.5 0 0 
1 0 0 
2 0 0 
5 0 0 
10 0.006 0.011 
13 
10.5 0.5 0.108 0.017 
1 0.226 0.035 
2 0.461 0.07 
5 1.184 0.17 
10 2.456 0.326 
13 2.722 0.354 
11 0.5 0.51 0.051 
1 1.036 0.103 
2 2.082 0.204 
5 5.261 0.513 
10 10.649 1.034 
13 13.965 1.267 
11 .5 0.5 0.88 0.362 
1 1.885 0.668 
2 3.84 1.339 
5 9.575 3.307 
10 18.92 6.337 
13 
16 0.5 2.188 0.412 
1 4.407 0 .826 
2 8.873 1.677 
5 21.822 4 .139 
10 43.327 6.816 
13 47 .791 7.772 
20 0.5 2.35 1.271 
1 4.765 2.52 
2 9 .36 4 .994 
5 20.425 12.339 
10 16.545 13.32 
13 
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Heat Cured 8 0.5 0 0 
1 0.006 0.005 
2 0.008 0.006 
5 0 0 
10 0 0 
13 0 0 
10 0.5 0 0 
1 0.006 0.006 
2 0.01 4 0 .007 
5 0.006 0 .005 
10 0.016 0 .009 
13 0.027 0 .015 
10.5 0.5 0.011 0 .003 
1 0.03 0.005 
2 0.063 0.008 
5 0.184 0.021 
10 0.413 0.041 
13 0.556 0.055 
11 0.5 0.062 0.023 
1 0.12 0 .061 
2 0.312 0 .035 
5 0.823 0 .094 
10 1.788 0.209 
13 2.397 0.294 
11 .5. 0.5 0.128 0.087 
1 0.284 0.166 
2 0.59 0.333 
5 1.479 0.825 
10 2.908 1.563 
13 3.713 1.962 
16 0.5 0.387 0.083 
1 0.802 0.158 
2 1.652 0.325 
5 4.113 0.816 
10 8.071 1.595 
13 10.515 1.971 
20 0.5 0.854 0.153 
1 1.721 0.353 
2 3.471 0.698 
5 8.594 1.677 
10 16.044 3.666 
13 19.738 4.831 
Figure 32(a): To show conductivity v carbon % - after cure 
Conductivity vs carbon % - afte r cure 
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Figure 32(b) : To show conductivity v carbon % - air dried 
Conductivity vs Carbon % • air dried 
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7.2 The conduction mechanism and volume fraction of carbon corresponding 
to the percolation threshold in carbon black filled polymer. 
7.2.1 Ideas and calculations 
A formula relating the conductivity of a polymer to the volume fraction of the 
conductive filler was noted by Chen, Devaux, Issi and Bi llaud 21; see Eq uation 4, re-
presented below: 
Where: 
0 = 0 0 (P - Pc) t . • . • •. ••.• . •••. • . • ... • • Equation 4 
o = conductivity of polymer 
0 0 = conductivity of conductive filler 
P = volume fraction of fi ller in the polymer 
Pc= volume fraction of filler associated with the 
percolation threshold 
t = power factor; values quoted between 1.5 and 1.75 
118 
This formula is derived from 'fractal theory' . 
If Pc could be determined, the formula might be used to establish the filler required to 
achieve a particular polymer conductivity. 
Various models have been proposed to explain the conductivity of mixtures of 
conducting and insulating materials and a number of these are reviewed in a paper 
by LUX3H However, in this case , the following assumptions have been made: 
• the carbon particles are spherical ; 
• they form a close packed matrix within the volume of the polymer composite; 
• the maximum th ickness of polymer between particles permitting electron ; 
tunnelling and the maintenance of electrical conductivity is 5 nm; 
• The effective carbon particle diameter is in the range 10 nm to 500 nm. The 
smaller diameters are associated with single particles while the larger 
diameters relate to aggregates or agglomerates of particles . 
On this basis , the amount of carbon required to form a closely packed matrix of 
carbon particles each making contact with its neighbours, or with a nominal th ickness 
of polymer film between the particles , can be calculated . Comparison of these values 
with the actual amount needed to exceed the percolation threshold , will provide 
further evidence on how the carbon particles are distributed in the polymer composite 
being investigated. 
It is recognised that the calculations, which will be made, are simplistic. However, it is 
believed that they will provide useful information for comparison with the results of 
electrical measurements and structural examination. 
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Figure 33: To show the assumed particle packing 
Carbon particles 
--------- -------) --- --
£------ (<I> + t) :V3 12 x 10-7 cm 
,4 
7.2.2 Calculation 
The carbon particles, diameter <l>nm, have volume : 4n (<1>/2)3/3 
If the distance between particles is: t nm. Then the effective diameter of the particles 
is; (<I> + t) nm = (<I> + t).1 0-7 cm. This produces a closely packed matrix of spheres, 
each having an effective diameter of (<I> + t).1 0-7 cm. 
This equals the distance between the centres of the spheres , where: 
Number of carbon particles per 1 cm row = 107/[<1> + t] 
No. of spheres per row : = 1071 (<I> + t) 
Distance between rows = (<I> + t) sin60° = (<I> + t). " 312 x 10-7 
No. rows 1 layer = 11 (<I> + t) " 3/2 X W-7 = 107 1 (<I> + t) " 3/2 
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No. layers I cm3 = 107 I (et> + t) ...J3 12 
No. rows I cm3 = [1 I (<l> + t) ...J3 12 x 10-7f = [107 I (<l> +t) ...J3 12]2 
No. spheres I cm3 = [107 I (<l> +t) ...J3 12f x 1071 (<l> + t) 
Tot. Vol. of C I cm3 = {[107 I (et> +t) ...J3 12f x 1071 (et> + tn x 413 n (et> . 1 0-7 12)3 
= 2 TT<l>3 19 (<l> +t)3 cm3 ........... ........ . Equation 6 
This formula may be used to determine the volume fraction of carbon particles of 
given diameter and spacing, in the polymer matrix, corresponding to the percolation 
threshold . 
For example, if t , i.e . the thickness of the polymer film between the carbon particles, 
is 5nm, the effective diameter of the spheres is: (et> +5)nm 
The carbon % in Table 22 has been calculated assuming this effective diameter; 
therefore the fo rmula used was: 
Vol. of C I cm3 = 2TT<l>3 I 9(<l> + 5)3 cm3 
Table 22: To show the effect of particle diameter on carbon % w/w for close 
packed s tructure 
Particle diameter (<l>nm) Total volume of No. of Carbon % 
carbon (volume particles I cm 3 w/w' 
fraction) 
10 0.2088 ,11 4.0 x 10 24.5 
20 0.3575 8.5 x 10:: 42 .7 
50 0.5246 62.6 8. 1 x 10 
100 0.6032 1.2X10:: 72.0 
200 0.6484 77.6 1.5 x 10 
500 0.6777 1.0 x 10 ' 3 81.1 
Assuming Pc = 2.15 and Ppvdf = 1.848 from data supplied by the manufacturer. 
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If t = 0, i.e. all carbon particles make contact with their neighbours, then : 
Vol. of C 1 cm3 = 2n 1 9 = 0.70 
Measurement of the electrical conductivity for a range of composite samples has 
been described in the foregoing Section 7.1. The results indicated that the transition 
from a non-conductive to a conductive polymer occurs in the region of 10% w/w to 
11 % w/w carbon ; this is equivalent to volume fraction of approximately 0.1, or 10% 
which is significantly less than the 70% figure just calculated. The concentration of 
the carbon clusters, in conductive pathways through the polymer film , is therefore , 
confirmed . 
It should be noted that the apparent reduction in volume fraction of carbon 
associated with reducing particle size is only relevant to the situation in which there is 
polymer film between the carbon particles. 
Typical carbon loadings in the polymer inks used in heater circuit manufacture are 
11 .5% and 20% w/w; the associated volume fractions are calculated below. 
20% carbon w/w 
20gms of carbon occupy: 20/2 .15 cm3 = 9.3cm3 
80gms of PVDF polymer occupy: 80/1.77cm3 = 45.2cm3 
Vol. Fraction of carbon = 9.3/(9.3 + 45.2) = 0.17 (17% v/v) 
11.5% carbon w/w 
11.5gms of carbon occupy: 11 .5/2 .15 cm3 = 5.35cm3 
88.5gms of PVDF polymer occupy: 88.5/1.77cm3 = 50 .0cm3 
Vol. Fraction of carbon = 5.35 1 (5.35 + 50.0) = 0.10 (10% v/v) 
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Therefore the volume of carbon present in the polymer composite, even at 20% w/w, 
i.e. 17% v/v, calculated above is a fraction of the 70% by volume calculated for a 
close packed structure. 
7.2.3 Discussion 
The foregoing has been conducted in an attempt to relate carbon loading and particle 
size to the perceived conduction mechanism of carbon-carbon contact within the 
polymer and with the connecting electrodes. It has also been used in an attempt to 
relate actual loadings to an estimated percolation threshold. However, the 
assumptions made to simplify the calculations depart from the true si tuation in a 
number of ways. The carbon particles forming the conductive filling in particular 
polymers are not un iform in size. Within a selected range, their size is likely to have a 
'normal'distribution . 
The carbon is present not only as single particles but also, and maybe mainly, as 
aggregates of particles and agglomerates or clusters. It is these clusters that link 
together to form continuous conductive 'chains' through the polymer and confer 
electrical conductivity when sufficient carbon is present in these chains, i.e. above 
the percolation threshold . The length of continuous carbon 'chains' between 
opposing copper traces will not be the shortest distance between the traces. In 
reality they will form irregular pathways through the polymer; nor will they consist of 
single carbon particles but rather of combinations of aggregates of varying size8.19.3J 
It will be seen from the summary table that in the case of carbon particles greater 
than 50nm, there are insufficient numbers to satisfy the calculated 'percolation 
threshold '. If this argument holds, it must be the case that the conduction mechanism 
through the polymers requires concentration of available carbon in localised areas or 
chains. 
In practice , the electrical conductivity of the polymers is found to be related to their 
processing and thermal history. The particular polymer of interest, a carbon black 
filled , poly(vinylidene fluoride) based material is found to have highest conductivity if 
allowed to air dry after printing. 
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After heating to a temperature above the melting point of the polymer, the 
conductivity falls by a factor of approximately x10 and then, after cooling, the 
resistance falls over a period of hours and days, to approximately 50% of its post 
cure value. 
This suggests that the maximum number of continuous carbon chains are present 
when the polymer is in its 'as mixed' state and has not been subjected to thermal 
treatment. After curing, it appears that polymer fusion disrupts the carbon chains, 
breaking the carbon-carbon contacts and producing higher resistance, i.e. lower 
conductivity. As the polymer cools, there appears to be some reformation of the 
carbon links. This may be attributed to the crystallisation process that pushes the 
carbon particles to the boundaries and hence to local concentrations 13. This process 
may also be due, or assisted by the evolution of residual solvent and the associated 
contraction of the polymer structure. 
It is in this context that the structure of the polymer and the distribution of carbon 
within it is being investigated, along with the nature and amount of any volatile 
material evolved after thermal treatment. 
The curing process is necessary for the development of a positive temperature 
coefficient characteristic; a PTC effect is not exhibited by the air dried polymer. 
In a conceptual model of the polymer after curing the continuous carbon chains 
would be limited to the 'grain boundaries' around the crystalline regions, in the 
amorphous regions of the polymer. The PTC effect could then be explained by the 
disruption of the carbon chains surrounding the crystalline areas as the crystals begin 
to melt. 
It has been observed that a failure mechanism of heating devices employing a PVDF 
I carbon black PTC polymer is associated with non-ohmic behaviour, i.e. voltage 
dependent resistance. 
This can be explained by a reduction in, or, indeed, the elimination of complete 
carbon - carbon contact, connecting the electrodes through the polymer. Such a 
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tendency would be increased the closer the overall carbon loading was to the 
percolation threshold. 
While the polymer filled gaps in the carbon chains remain below 5 nm, the polymer 
will still exhibit electrical conductivity, although this will be increasingly voltage 
related, as electron tunnelling becomes more and more involved. 
The devices are most vulnerable to this mechanism at the interface between copper 
electrode material and the conductive polymer. This vulnerability would be 
emphasised by the presence of any high resistance layer of oxide, or other product of 
reaction on the copper surface. 
The observations and comments above lead to the following questions, some of have 
been addressed in the present investigation. 
• The calculations performed above can be used as a basis for more 
complex calculations based on actual particle size distribution etc. to 
determine a more accurate theoretical value for the percolation threshold. 
• Carbon has a natural tendency to form chains. This may be the source of 
the relatively high conductivity of the uncured polymer. It is not known fully 
what drives and controls this mechanism and which determines the size of 
the aggregates, although interfacial thermodynamics and surface energy 
considerations may be important 24 • It is, however, possible to study 
agglomerates and the actual carbon chain path and length by analysis of 
FEGSEM images. This may validate the relevance of fractal geometry. 
• The structure of the PVDF is clearly important, in particular, its degree of 
crystallinity after curing and the sizes of the crystallites in the crystalline 
areas. The crystallites may be affected by the parameters of the curing 
process, e.g. the rate of cooling. The concept of concentration of the 
carbon at the boundaries of the crystalline areas, and hence this being the 
source of the carbon chains, is supported13. 
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• Solvent or other volatile components may continue to be evolved from the 
polymer film after cooling, resulting in further consolidation of the polymer. 
• It may be possible to reduce or eliminate the decrease in resistance over 
time after curing, or alternatively the rate of reduction of resistance be may 
be increased by subsequent thermal treatment so that stable resistance 
may be reached much more quickly. 
• The theoretical model of the conductivity mechanism due the existence of 
continuous carbon chains from electrode to electrode, through the polymer, 
seems to be valid. A failure mechanism due to carbon depletion at the 
interface may be confirmed by the examination of micro-sections using 
FEGSEM. A contributory effect due to a surface film on the copper 
electrodes may also be identified. 
• The diffusion of carbon particles away from the copper surface, leaving a 
layer depleted in carbon, may be confirmed by SEM - with thermal imaging 
may possibly be used to determine the temperature gradient towards the 
centre of the film between opposing traces. 
The following work was undertaken in an attempt to confirm, at least, some of 
these propositions. 
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CHAPTER 8 
EXAMINATION OF POLYMER FILM STRUCTURE USING ADVANCED 
TECHNIQUES 
8. Introduction 
Previous chapters have described the influence of certain critical factors on the 
performance of PTC polymer based heating circuits. These factors were identified as 
a result of experimental investigation and literature review. 
This chapter gives the results of a detailed investigation of the polymer structure and 
distribution of the carbon within the polymer film and at the interface with the metal 
electrodes, as it related to the critical factors. The intention was to examine micro-
sections through real heater circuits; however, except in a particular case, this was 
not successful. The difficulties experienced in producing sections through actual 
heater circuits has been described in Chapter 5 including the cryoscopic technique 
employed to obtain clean sections through small areas of polymer printed on 
aluminium foil. 
Although deviating from the actual situation in heater circuits, it was believed that the 
use of aluminium foil instead of copper, was a reasonable compromise for permitting 
the examination of sections through thin films of the polymer and of the interface, 
with a metal having electrical and thermal properties similar to copper. 
All the samples used in the analyses reported in this chapter, except where otherwise 
indicated, were produced using the method described in Section 5.3.4 
8.1 PTC polymer film structure, carbon percentage and distribution 
In order to examine the effect of increasing levels of carbon in the composite a range 
of samples of ink was obtained with carbon loading starting at 2%w/w and increasing 
by 2%up to 10% w/w. and then, 10.5%, 11%, 11.5%, 16% and 20% w/w. The images 
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produced by FEGSEM examination of fracture sections are given in Figure 34. Both 
air dried and cured samples were examined. These inks were used to print test 
panels for the measurement of electrical conductivity (Figure 30), and for producing 
samples, as described in 2.1.2, for structural examination with FEGSEM. 
The results of the electrical measurements are given in both tabulated and graphical 
form in Chapter 7 and the results of the FEGSEM examination of fracture sections, 
for the polymer film only, are given in this Chapter, Figure 34. Half the samples used 
for FEGSEM examination were cured at 120'C before fracturing. 
These images illustrate the accumulation of the carbon in clusters, which increased 
in size as the carbon loading increases. At the percolation threshold, in the region of 
10% to 11 % carbon, the clusters can be seen to become of sufficient size to form 
continuous conductive pathways through the polymer which at that point becomes 
electrically conductive; the 'infinite cluster' of percolation theory has been formed. 
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Figure 34(a to i: To show the structure and carbon distribution v carbon % (2% 
to 20% w/w) 
In all cases the interface with aluminium is at the bottom of the image and the air 
interface is at the top. 
Figure 34(a): 2% carbon and 4% carbon 
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At low carbon loading levels the carbon particles are distributed in small isolated 
clusters with little tendency to aggregate during the curing process. The distance 
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between the clusters is too large for further aggregation to occur at this level of carbon 
loading. 
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Figure 34(b): 6% carbon and 8% carbon 
Signal A. InLens 
Photo No .• 8225 
The carbon particle clusters are larger in size but with little difference between the 
cured and uncured samples. 
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Figure 34 (c): 10% carbon and 10.5% carbon 
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The carbon clusters are now significantly larger although mainly still isolated. The effect 
of curing is masked by lack of clarity in the section. 
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Figure 34(d): 11% carbon and 11.5% carbon 
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The 11.5% carbon loaded sample shows much larger clusters with further 
agglomeration in the cured sample and indication of developing continuity between 
the faces. Continuity appears more pronounced in the air dried sample. 
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Figure 34(e) 16% carbon and 20% carbon 
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The 20% carbon air-dried section is unclear but the agglomeration of the carbon 
clusters to form continuous conductive pathways, is clearly evident in the 16% 
samples and cured 20% carbon samples. The growth of the clusters after curing of 
the air-dried polymer is shown by the 16% carbon samples. 
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8.2 Effect of further heat treatment on structure 
8.2.1 Annealing at 70'C 
Further agglomeration of the carbon aggregates as a result of an annealing treatment 
is illustrated in Figure 35 
Figure 35: To show the effect of annealing on the film structure 
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The segregation of the carbon in continuous conducting agglomerates, surrounding 
areas of the polymer, is particularly evident in the annealed 11.5% carbon sample. 
8.3 Effect of powered ageing on structure 
The conductive samples, having carbon loading above the peculation threshold, were 
also subjected to powered ageing. This was achieved by inserting the small pieces of 
aluminium foil, having small areas of the PTC polymer printed on them, next to a 
heater circuit in a mirror assembly that was undergoing a powered ageing test, as 
described in Section 5.2.5. This resulted in the polymer film test pieces reaching the 
same temperature as the heater during the powered cycles. The FEGSEM images of 
the resulting fracture sections are shown in Figure 36 
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Figure 36 - To show the effect of powered ageing on polymer structure 
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It is seen that the PTC effect has maintained the polymer temperature below 70·C 
and little structure change has taken place; this is the requirement for resistance 
stability. 
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8.4 Micro-structure of carbon clusters 
8.4.1 FEGSEM images of micro-structure of carbon clusters 
The FEGSEM images, in Figure 37 below show the structure of the carbon clusters 
over a range of carbon concentrations from 2% to 16% by weight in the VDF based 
terpolymer and 22% by weight in an alternative VDF based copolymer. Certain 
samples were examined in the both the air dried and cured conditions. The samples 
were produced by fracture section, as described in Section 5.3.4 
Figure 37 (a to i): FEGSEM images to show the micro-structure of carbon 
clusters at magnification - x 100,000 
Figure 37(a): 2% Carbon w/w, Air-dried 
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Figure 37(b): 4% Carbon wlw Air-dried 
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Figure 37(c): 6% Carbon w/w Air-dried 
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Figure 37(d): 8% Carbon w/w Air-died 
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Figure 37(e): 8% Carbon cured at 120'C 
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Figure 37(1): 10% Carbon w/w Air-dried 
wo= 5mm 
Fig 37: 10% Carbon cured at 120'C 
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Fig 37(h): 16% Carbon cured at 120·C 
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8.4.2 Structure of alternative PTC polymer - FEGSEM images 
Figure 38: To show the structure of alternative PTC polymer (Hylar), a 
copolymer based on VDF 
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20% Carbon, cured at 90·C 20% Carbon, without air-dry 
Cured at 90·C + 90·C for 48 hours 
20% Carbon 22% Carbon 
It may be observed from these images that, qualitatively, the micro-structure of the 
carbon clusters is similar in spite of macro-structure differences in the samples. 
This observation is consistent with the self-similar nature of carbon black aggregates, 
irrespective of size, noticed by Medalia and Heckman 37 and reported later by 
Vysotskii and Roldugin 8. The three dimensional carbon matrix consisting of linked 
aggregates of carbon particles, can be seen from these images and is particularly 
evident in the 22% carbon in the alternative polymer sample. 
8.4.3 Estimation of carbon concentration in clusters 
In an attempt to quantify the observed similarity between the micro-structure of the 
carbon clusters at different levels of carbon concentration, use has been made of 
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image editing software. Selected areas have been cropped from each of the images 
above to permit the analysis of the patterns of 'highlights' presented by the carbon 
particles, aggregates and clusters. 
The contrast levels of the selected areas of the images has been normalised by use 
of a tone balance facility. The images have then been converted to full black - white 
contrast using an image effect function and setting a threshold level. 
The setting of the threshold involved comparison of the full contrast images with the 
tone balanced images and required subjective assessment and matching of the 
highlights due to the carbon particles and aggregates in each version of the images. 
See Figures 38 and 39. 
The values produced for each sample are tabulated below, see Table 23. The values 
quoted are the percentage of the pixels, constituting the whole image, that represent 
the highlight areas, that is the carbon particles. 
Table 23: Showing percentage of carbon in the cluster - estimated from the 
equivalent pixel area of the images. 
Sample description Carbon area (pixel %) Carbon % (w/w)* 
2% Carbon, air dried 19.5 22.0 
4% Carbon, air dried 19.5 22.0 
6% Carbon, air dried 19.8 22.3 
8% Carbon, air dried 19.4 21.9 
10% Carbon, air dried 19.9 22.4 
11.5% Carbon, air dried 21.1 23.9 
16% Carbon, air dried 21.4 24.0 
20% Carbon, air dried 20.1 22.6 
11.5% Carbon, cured 18.2 20.5 
16% Carbon, cured 19.2 21.6 
20% Carbon, cured 17.9 20.2 
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11.5% Carbon, aged 21.1 23.9 
16% Carbon, aged 20.4 22.9 
20% Carbon, aged 20.4 22.9 
Hylar polymer, 22% C, 21.3 23.9 
cured @ 130·C 
Mean 19.9 22.5 
Std. Devn. (a) 1.05 1.18 
'Notes: 
(1) The w/w values were calculated assuming that: Pcarbon = 2.15 
and Ppolymer = 1.85 
(2) It has been assumed that the two dimensional images of the fracture sections are 
representative of the volume concentration. Although the sections contain a three 
dimensional element by virtue of the nature of the fractures this is clearly not 
completely true. Nevertheless the figures are believed to be proportional to the 
volume concentration and the conclusion that carbon concentration in the clusters is 
constant remains valid. 
It will be seen that the closeness of the results supports the qualitative assessment 
that the structure of the carbon clusters is independent of the amount of carbon 
added to the polymer, its thermal history and to a limited extent, in view of the single 
alternative polymer tested, the type of polymer. 
Since the actual amount of carbon in the polymer samples varied from 2% w/w to 
22% w/w, it follows that the variable in each case is the size and number of clusters. 
This is supported by the graphical presentation of the data in Figure 38 and the 
tabulated images and data in Figure 39. 
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Figure 38: To show graphical presentation of the data in Table 23 
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Figure 39: To show the results of image analysis on FEGSEM cross-sections 
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8.4.4 Estimation of cluster size 
Similarly image editing software has been used to quantify the area of the carbon 
clusters observed in the fracture section of 4%, 8%, 11.5%, 16% and 20% carbon 
loaded samples. In order to increase the contrast level between the clusters and the 
unfilled polymer areas, use was made of the 'paint' facility on the areas of the clusters; 
see Figure 40 
19ure 40: Showing the 'painted' section images and associated histograms 
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A different procedure to that used for evaluation of the micro-structure in the clusters 
was employed . In this instance, the cluster areas were emphasised by adjusting the 
contrast and brightness of the images. The clusters were 'painted ' with a light grey 
colour, (i .e. 230 grey shade) to differentiate from the background that was 'painted' 
white (i.e. shade 255). The shade distribution histogram was selected and the highlight 
cursor moved to correspond to 230 grey. The background white was excluded from the 
displayed percentages. The percentage of pixels in the cluster areas was calcu lated by 
dividing the grey, 230, pixel percentage by the total for shadows, mid-tone and 
highlights. The resulting data are given in Table 24 and shown graphica lly in Figure 41 . 
Table 24: To show results of image analysis 
Carbon % Shadows % Mid-tones% Highlights 0, Total pixels 
4 0.7 23.7 1.3 29.5 
8 0 18.7 3.4 22. 1 
11.5 6.6 10.4 8.3 25.3 
16 5.3 10.3 11.3 26.9 
20 1.7 7.5 19.2 28.4 
Figure 41 - Showing variation of cluster area with carbon loading 
00 
80 
70 
60 
.. 50 
c 
~ 
13 40 
30 
20 
10 
o 
o 2 
Carbon% w/w v cluster area ( Pi xel Oft) 
-----
3 
Pixel % 
V 
4 
/ 
5 
Cluster area 
Highlights I 
Total pixel % 
5.1 
15.4 
32.8 
42 
67.6 
-+- Pixel % 
6 
153 
The judgemental aspect of the method used for determining the cluster areas is 
recognised in the application of 20% error bars in Figure41. 
8.5 Polymer structure - optical microscopy 
8.5.1 Examination of polymer crystallinity using polarised light 
Examination of SEM micrographs and reports by previous workers 13 suggests that the 
distribution of carbon particles within the polymer structure is affected by the crystallinity 
of the polymer and this, in turn, is affected by its thermal history. 
To investigate this further a sample of PVDF polymer dissolved in dimethylformamide 
(DMF) solvent was produced. In this case no carbon had been added to the polymer - to 
facilitate optical microscopic examination of the polymer structure only. 
Samples printed on microscope slides were used for examination by optical microscopy. 
In this case the stencil incorporated round piercings in the polyester film. Holes were 
pierced in a sheet of 1251lm thick polyester film and this was used as a stencil to print 
6mm discs of the polymer solution on to microscope slides, as shown in Figure 19, 
Section 5.3.4. Slides were prepared as follows: 
• polymer allowed to air dry, Le. with no applied heat; 
• 'cured' at 1200 e for 6 minutes; 
• 'cured' at 1200 e for 6 minutes + annealed at 70 0 e for 20 minutes; 
• 'cured' at 1200 e for 6 minutes + slow cool to 60oe. 
It was noted that the 'air dried' polymer sample was translucent while the remaining 
samples were transparent. 
The samples were examined using a Zeiss Universal Polarising Microscope fitted with a 
Fuji digital camera and associated software. 
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Images were recorded for each sample at nominal x16 and x40 magnification, 
reproduced here at calculated x12.5 and x32 magnification. 
Calibration images were recorded after the sample sequence. 
8.5.2 Results and Discussion 
Figure 42 Optical microscope images, polarised light, unfilled polymer 
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It was believed that the polymer structure required to establish a conductive matrix at a 
carbon loading below the theoretical percolation threshold and to produce a significant 
PTC characteristic, involved a degree of crystallinity over 10% of the polymer material , 
this level of crysta ll inity being developed in the curing process. 
Optical microscopy using polarised light appears to show a somewhat higher level of 
crystallinity in the air dried than in the cured sample. This result is at variance with the 
work of others 13 . The translucent appearance of the air dried polymer and the clarity of 
the cured samples appears to indicate a reduction in the size of the crystallites after the 
curing process although the actual situation may be more complex and requires further 
investigation. 
8.6 FEGSEM measurement of particle size 
Particle sizes were measured using a mask tool: results are summarised in Table 25. 
Detailed results are given in Appendix 6 
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Figure 43: To show the microstructure of carbon cluster 
A software tool was used to size and position a circular mask to correspond with the 
outline of a number of carbon particles. The point of the tool was used to fix the pixel 
values associated with the mask diameters on the X axis, giving values X1 and X2. The 
difference, X2 - X1, was the length of the particle diameter, in pixels. 
A similar procedure was used to determine the length in pixels of the 200nm scale. This 
allowed the diameters of the carbon particles to be calculated by proportion. 
Since an element of judgement was involved in sizing and fixing the position of a mask, 
in some cases the mask did not correspond to the perceived outline of a particle. Where 
this occurred, the measurement was made by positioning the point of the software tool 
on the outline of the particle rather than the mask. 
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Table 25: To show the estimated mean size of the carbon particles 
Mean (x2 - x1) Std. Deviation Mean Std. Deviation 
(Pixels) (Pixels) (nm) (nm) 
200 nm 57 - - -
Scale 
Carbon 14.4 2.34 50.5 8.2 
particles 
Note: resolution is limited to ± 1 pixel, which equates to ± 3.5nm. 
The mean diameter determined is in good agreement with the value of 55nm specified 
by the supplier of the carbon black employed in the formulation of the conductive PTC 
polymer. 
Detailed results are given in Appendix 6. 
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CHAPTER 9 
DISCUSSION AND CONCLUSIONS FROM STUDIES OF CRITICAL 
FACTORS 
9. Introduction 
In the foregoing sections the construction, production processes, experience of 
behaviour in operation and investigations to determine the cause of functional failure of 
PTC materials, as used in an automotive rear view mirror heater, have been outlined. 
This study was aimed at relating the structure of the particular composite involved, a 
carbon black loaded, VDF based polymer, to the measured and observed 
characteristics of the heating devices, to the identified critical factors and to the 
requirements of percolation theory. 
It was seen that there is a large number of variables that could potentially affect the 
performance of this type of circuit. The variables are listed in Appendix 1, which 
identifies the testing and analytical methods that were employed for their investigation. 
The work has taken place in two phases, the first phase being investigation of the 
behaviour of a particular type of heating device, employing a conductive polymer that 
exhibited a PTC characteristic, in relation to the manufacturing, testing and operational 
variables. The second phase involved examination of the structure of the polymer using 
a range of analytical techniques including the use of scanning electron microscopy on 
sections through films of the polymer. This work also included examination of fracture 
sections through a circuit that had developed very high electrical resistance and as a 
result, ceased to function. 
In the following sections the results obtained from the present study will be summarised 
and the conclusions that have been drawn will be given. 
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9.1 Examination of copper - polymer interface of functional failure 
See Chapter 6, Section 6.13 and Figure 30 
Early SEM examination of a very high resistance, functionally failed, heater circuit 
revealed voids along the edge of copper conductors, between the conductor trace and 
the PTC polymer film. 
At that stage progressive failure of adhesion between conductor and polymer provided a 
possible explanation of the development of high resistance and eventual failure. 
Doubt remained, however, about the validity of the finding, since it was necessary to 
remove a pressure sensitive adhesive that bonded the protective film to the exposed 
surface of the polymer film and this involved a manual rubbing action; the voids 
observed could, therefore have resulted from the sample preparation technique. 
Further conclusions relating to the examination of functionally failed heater circuits and 
the mechanism responsible for the development of very high electrical resistance are 
dealt with in Chapter 10. 
9.2 Powered ageing performance 
This test was intended to simulate service operation and a typical requirement to 
achieve reliable operation was that the resistance of the heater circuit should not 
increase by more than 10% over 60 cycles; each cycle consisted of 23 hours powered 
at 13 volts dc and 1 hour unpowered. 
It was found that the satisfactory ageing performance required a resistance linearity 
factor of close to 1.0 and no higher than 1.2 at the start of the cycling test. 
Factors that affected the resistance linearity factor and resulted in its increase were: 
• Resistance linearity: factors in excess of 1.2 produce increased probability of 
high resistance development. 
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• Subjection to high temperatures, particularly above the polymer melting point of 
90'C, applied or self generated; produced high resistance linearity factors and 
poor ageing performance. 
• Copper surface micro-etching: this removes the chromate anti-oxidant 
layer from the copper and roughens its surface prior to application of the PTC 
layer. Inadequate or no micro-etching resulted in high resistance linearity and 
increasing resistance as the powered ageing test proceeded. 
• Under-cured copper to base film adhesive: this contains un-reacted isocyanate 
cross -linking agent e.g. 4,4' diphenylmethane di-isocyanate, as well as low 
molecular weight fragments. Tacky adhesive films, inadequately cured, produce 
high and unstable resistance and high resistance linearity factors. 
• However, no effect on resistance linearity was produced by the deliberate 
addition of traces of pure water or dilute alkali to the PTC film. 
• Contamination of the PTC film by the addition of acid (acetic, phosphoric, 
sulphuric acids) produced an increase in resistance linearity. 
• A large increase in resistance linearity was produced by the addition of traces of 
copper etchant to the PTC. 
• No evidence of etchant contamination was found in the adhesive regions of high 
or low resistance linearity samples when analysis was performed using 
secondary ion mass spectrometry and laser microprobe mass analysis. 
9.3 Effect of laminate adhesive (copper to base film) cure: 
• Adhesive with a high degree of cure gave low resistance linearity (close to 1.0). 
• Adhesive with a low degree of cure gave high resistance linearity. 
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• Effect of PTC drying temperature and time: higher temperatures and longer times 
at temperature give higher resistance linearity factors. 
It is concluded that in order to avoid subsequent contamination of the PTC polymer by 
low molecular weight fragments and the degrading effect on resistance stability, the 
laminate adhesive must be fully cured. 
9.4 Effect of mechanical stress: 
See Chapter 6, Section 6.11 and Table 18 
It was noted that when repeat measurements were made on functionally failed, very 
high resistance, heater circuits after they had been 'peeled' from the glass mirror and 
the moulded backplate, the resistance increased significantly from its initial value. 
A controlled experiment was conducted with unused circuits and functionally failed 
circuits in which they were stressed similarly, showed that only the high resistance 
circuits exhibited increased resistance. The results showed that: 
• Separation of high resistance heaters from mirror and backplate produces 
significant resistance increase. 
• Similar stressing of unused heaters does not result in increased resistance. 
This finding indicates that mechanical stressing of high resistance heaters 
produces physical failure, probably at the copper pattern - PTC polymer interface. This 
could account for the voiding mentioned in Section 9.1. 
9.5 Resistance change after exposure to 90·C 
Comparison of various PTC polymers, printed on heater circuits - see Chapter 6, 
Section 6.9. 
The variation in resistance and behaviour after exposure to 90·C for 48 hours was 
shown in Table 16. 
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In the case of all the heaters listed there was a rise in resistance after exposure to 90°C 
for 48 hours and a minimum 24 hour recovery period. 
In this context it is noted that, PTC polymer based mirror heater circuits did not have 
fixed resistance values; by their nature their resistance values are sensitive to 
temperature changes. The properties of this type of heater were established during the 
curing stage of the manufacturing process, with the formation of the polymer structure 
and the distribution of the carbon within it. 
If they are correctly designed, manufactured and operated their resistance will fluctuate 
within the specified limits provided the heater does not again see temperatures at or 
above the melting point of the polymer, 90°C. 
Small resistance changes occur during testing or operation due to the structural 
changes that occur with changes of temperature. However, increase in resistance 
outside the design limits is caused if the polymer reaches a temperature in excess of 
90°C; the higher the temperature and the longer the exposure the greater the change. 
The 90°C exposure for 48 hour requirement results in a marginal situation with the 
temperature in the polymer hovering around its melting point; some fusion and 
associated carbon redistribution occurs, resulting in the observed resistance increase. 
Following this exposure the resistance of a heater recovers to 1 or 2 ohms above its 
initial value over a period of 4 days. 
9.6 Characterisation of the PTC polymer film 
• DSC analysis on the PTC film showed that melting commenced at approximately 
70°C with the nominal melting point being in the region of 88°C to 90°C. There 
was some evidence of structural differences between samples having different 
thermal histories. 
• Attempts using Fourier Transmission infra-red spectroscopy, to determine the 
degree of adhesive cure and identify residual traces of the di-isocyanate cross-
linking agent, were inconclusive. 
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• Calorimetric analysis with scanning microscopy revealed that the thermal images 
of field failures were different to those of unused samples, while that of a sample 
that had been aged in the laboratory, as described in Section 5.2.5, more closely 
resembled the field failure than the unused sample. 
• Local thermal analysis (TMA and MTDSC) suggested that inhomogeneity was 
greater in a field failure than an unused sample. 
• There was indication of inter-diffusion of the copper adhesive and PTC ink layers 
in the field failure. There was also indication of a surface layer on the copper 
conductor on the field failure; this was not present on the unused sample. 
• Measurements of PTC resistivity using a method developed with the CASM 
system, indicated that there was no significant difference between the resistivity 
of the PTC ink on unused samples and a sample that had developed high 
resistance (1kn +) and functionally failed. 
• The examination of the structure of the conductive polymer composite based on 
PVDF and a grade of carbon black has shown that it has two structural levels. 
At the microscopic level the structure of the carbon clusters remains consistent 
irrespective of the size of the cluster and hence the carbon particle concentration. 
As the larger clusters grow in size at the expense of the smaller ones their structure 
may continue to be described in fractal terms and a fractal dimension could be 
established for the composite. 
There are also indications that the structure of the carbon clusters remains similar when 
a different base polymer is involved although in this investigation the alternative polymer 
was also PVDF-based. 
The conductive properties of the composite employed on the heater circuits were, 
however, mainly determined by its macroscopic structure and the associated 
percolation threshold. This in turn determined the critical carbon loading and the level 
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above this that must be used to avoid the region of 'smeared' conductivity within which, 
the heater circuits exhibit unacceptable performance instability. 
It was seen that the percolation threshold was significantly lower than would be the case 
for standard percolation theory. This occurs because of the concentration of the carbon 
clusters, which may be at phase boundaries. The VDF terpolymer which was the base 
for the composite, was partially crystalline; the probability is that the carbon particles 
and clusters exist in the amorphous regions surrounding the partially crystalline regions 
of the polymer 13. This is supported by the evidence from the FEGSEM examination of 
fracture sections and is particularly evident in Figures 35 and 36. 
There was divergence of the conductivity of the composite from the established theory 
identified in the literature review when measured in the 'as mixed' condition. Rather than 
exhibiting lower conductivity than in the cured state of the polymer, the conductivity of 
the 'air dried' composite was significantly higher, by a factor of x5 to x10 than in the 
cured state. This can be explained by considering that in the 'air dried' condition there 
has been IiUle growth of the carbon clusters so that there are a relatively large number 
of continuous percolation paths through the polymer. Although each pathway exhibits 
low conductivity, in the context of parallel resistances between the electrodes (Le. the 
copper traces), their total conductivity is high. After curing of the composite film, the 
larger clusters have grown under the influence of the curing temperature, resulting in 
much lower number of continuous percolation paths so that, although each path has 
higher conductivity, the total parallel conductivity is lower. 
9.7 The copper - conductive polymer interface 
See Chapter 6, Sections 6.13.3, 6.13.4, 6.13.5, 6.13.6 and 6.13.7 
As mentioned in Section 9.1, early SEM examination of a very high resistance, 
functionally failed, heater circuit, revealed voids along the edge of copper conductors, 
between the conductor trace and the PTC polymer film. 
At that stage progressive failure of adhesion between conductor and polymer provided a 
possible explanation of the development of high resistance and eventual failure. Doubt 
remained, however, about the validity of the finding. 
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The CASM analysis indicated the possible presence of a "coating" on the surface of the 
copper traces in contact with the PTC polymer. 
Analysis of the copper I PTC interface using AES, SSIMS and LIMA 
revealed: 
• No evidence of an oxide film on the copper 
• No residue of zinc chromate on the copper 
• No traces of process chemicals on the copper surface or in the adhesive layer 
• Evidence of traces of isocyanate and copper cyanide on the copper surface. 
Changing the nature of the interface by electroless deposition of a thin layer of silver on 
the copper surface before application of the PTC ink, produced a resistance linearity 
factor of 1.0. This may relate to the electrical conductivity of silver compounds in 
contrast to those of copper, the absence of a chemical reaction between the copper 
surface and constituents of the adhesive or modification of the interaction energies 
between the polymer, carbon and the metal surface. 
The results of surface wettability tests, Chapter 6, Section 6.5, did not show poor 
wettability of either the micro-etched or the non-micro-etched copper surfaces. The 
non-micro-etched copper appeared to exhibit somewhat better surface wettability than 
the micro-etched copper. 
Although electrical tests have shown that the dichromate anti-oxidant treatment 
produces a high resistance layer on the copper surface and that this was associated 
with non-ohmic behaviour these results do not indicate that there is any related surface 
wettability problem, although the better wetting of the dichromate coated surface could 
be contributing to flow of polymer, when above its melting point, along the copper at the 
interface; this will be discussed later. 
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9.8 Analysis of design factors 
Analysis of the resistance linearity test results for 100 heaters of each of three types 
and comparison with design criteria indicated that: 
• The greater the interface area between the copper traces and the PTC material 
the higher the mean resistance linearity factor. 
• The greater the area of interface between the exposed base laminate adhesive 
and the PTC film, the greater the resistance increase after exposure to elevated 
temperatures 
9.9 PTC characteristic (resistance I temperature behaviour) 
A PTC effect is a fundamental requirement of the conductive polymers used in self 
regulating heating devices such, as the automotive mirror heating circuit that is central 
to this research. PTC polymers exhibit significant expansion of their structure as the 
melting point is approached; the associated rapid increase in resistance results in 
limitation in current and the corresponding heating effect. Use is made of this 
characteristic in self-regulating mirror heaters; polymers are selected to meet the 
temperature limit required. In this case, where the temperature limit is 70°C, the 
particular PTC polymer has a melting point of 90°C ± 2°C and the resistance -
temperature curve becomes steeper as this temperature is approached. 
At 70°C, and depending on its initial resistance, the resistance of the heater increases 
to a level that limits the current flow and its associated heating effect, such that heat 
energy input and thermal losses are balanced and the device temperature stabilises. 
Two major influences on the properties of a PTC polymer are; the polymer structure, in 
particular the presence of two phases, one probably having a degree of crystallinity, and 
the size and distribution of conductive particles with which it is loaded. Development of 
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the PTe effect requires fusion of the polymer film and this takes place by heating the 
printed heaters to a temperature of 100°C to 110°C in the curing process 
The PTe material consists of the chosen polymer filled with carbon black particles to a 
loading above the critical level for the polymer, below which it remains an insulator and 
above which it becomes progressively more conductive. 
The PTe characteristic is most pronounced just above the critical loading and 
decreases as the amount of carbon filler is increased. The resistance of the material is 
most unstable at this level of loading and small changes in thermal conditioning cause 
marked changes in structure and resistance of the polymer and it has been necessary 
to compromise between PTe effect and resistance stability by appropriate selection of 
carbon loading. 
The resistivity of the PTe material depends on the amount of carbon and the way in 
which it is distributed within the polymer structure. 
In the production process, the PTe film is applied to the heater circuit, in the form of an 
ink, by screen printing. The ink is produced by the mixing of carbon black in to a solution 
of the polymer in an appropriate solvent. The carbon black is initially mixed into half the 
solvent volume and the resulting suspension mixed with the polymer dissolved in the 
remainder of the solvent. A high shear mixer is employed to achieve dispersion of the 
carbon black without significant particle grinding. 
The grade of carbon black employed has a particle size of around 50nm but forms 
aggregates and agglomerates that may be up to 500nm in size. These agglomerates 
tend to form chain-like structures in the printed polymer film and these form a network 
of conductive pathways that are retained in the film if allowed to dry by solvent 
evaporation, without the application of heat. This structure was found to have a 
relatively low resistivity but did not exhibit a PTe characteristic. 
In the fused state the carbon particles become mobile, acquire extra energy and 
Brownian motion and in order to minimise the interfacial energy of the system, coalesce 
in to clusters with resulting disruption of the conductive pathways. 
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However, it is proposed that as the polymer cools and solidifies, at least two phases, 
one possibly crystalline, are formed in the structure and the carbon is rejected by the 
crystalline phase. As a result carbon becomes concentrated at the boundaries of the 
crystalline areas and new conductive pathways are formed. These are more limited in 
number and hence the resistivity of the material is increased, typically by a factor of x 5. 
Since the results of the optical microscopy on unfilled polymer indicate a low level of 
crystallinity, it is possible that crystallisation is nucleated by the carbon black particles. 
Since the number of pathways is considerably reduced, the film is much more sensitive 
to the effect of volume change with temperature rise. Significant volume change 
commences with the melting of the crystalline areas and as the disruption of the 
pathways increases, so does the resistivity of the polymer film and the resistance of the 
heater. In this state the polymer exhibits a PTC characteristic. 
In the operation of a heater, with temperature limited to around 70°C, fusion does not 
occur and the resistance of the heater returns to its initial value on cooling back to 
normal ambient conditions. However, since 70°C is at the lower end of the annealing 
temperature range for the polymer, in the first few powered cycles stresses are relieved 
and there is some growth in the crystalline areas and this produces small additions to 
the conductive carbon pathways with a corresponding reduction in resistance. This 
effect is seen in the graph of heater resistance against powered cycles at room 
temperature and in any test or operational condition in which the heater reaches 
temperatures in the annealing range. 
It can be seen that the properties of the PTC film, and hence the heater, are established 
by the curing stage in the production line and in normal operation it will not see 
temperatures in excess of the polymer melting point again. 
It is a requirement of an initial stage of a test programme for mirror heaters that they 
shall be exposed to 90°C for 48 hours. This requirement originates in test specifications 
for electronic components as a means of accelerating potential failure mechanisms. The 
application of this condition to PTC heaters is questionable since it will be seen that the 
90°C temperature coincides with the melting point of the PTC polymer and, since the 
dwell time is 48 hours, during this time a degree of re-melting will be expected to occur 
with some further growth of the carbon clusters and disruption of the conductive 
169 
pathways. On cooling to room temperature the polymer re-solidifies and the carbon 
agglomerates are once more concentrated at the boundaries of the crystalline areas. 
Since this heat treatment commences with polymer structure already established by the 
initial curing stage in manufacture and with the carbon no longer uniformly distributed, 
the agglomerates become larger but fewer in number, the number of reconstituted 
pathways is fewer and the resistance of the heater increased. 
9.10 Resistance v temperature behaviour - effect of carbon loading 
It has been seen, section 6.12, Figure27a, that as the carbon loading increases, the 
magnitude of the PTC characteristic was reduced. The most pronounced PTC effect, 
that is the greatest increase in resistance with temperature, occurred close to the 
percolation threshold of the polymer. This is in the 'smeared region' of uncertain 
polymer characteristics and hence maximum instability of the device. 
9.11 High resistance development 
The functional failure of heater circuits due to a rapid rise in their electrical resistance 
was the early trigger for this work. 
It became clear that there was no obvious cause of the behaviour, no readily identifiable 
manufacturing problems, no visual defects even under high magnification and no 
variation of the properties of the PTC polymer from the established norm. Since the only 
element of the device with intrinsically variable resistance was the PTC polymer it was, 
therefore, necessary to conduct an investigation of the manufacturing variables to 
determine their effect on the its subsequent behaviour. The findings relating to the 
failure mechanism will be discussed later. 
9.12 Resistance linearity 
The importance of the resistance linearity factor became evident as the investigation 
proceeded. This factor was a measure of the ohmic I non-ohmic behaviour of the heater 
circuits. It represented the ratio of the volts DC resistance measured at high and low 
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voltage, in this case 0.5 volts and 13volts, the latter being the voltage in the automotive 
application. Ideally this factor should be 1.0 and remain at that level to indicate ohmic 
behaviour. Values of in excess of 1.0 were frequently measured and in fact were initially 
the norm; revealing a degree of non-ohmic, voltage dependent, behaviour. 
It as shown that stable resistance required the maintenance of 'resistance linearity' 
close to 1.0 and that when the factor exceeded 1.2 there was rapid rise in resistance 
during powered ageing tests. 
The cause of this behaviour has been seen to be inherent in the amount of carbon in 
the polymer. The level used was too close to the percolation threshold, verging on the 
'smeared' region22 where the uncontrolled variables affected the stability of the 
conductive polymer characteristics. In this region electron tunnelling provides 
conductivity through thin polymer films between carbon particles and between carbon 
particles and the copper conductors. Since this phenomena is voltage dependent, a 
non-ohmic element of the resistance of the heater circuit is revealed in the magnitude of 
the resistance linearity factor. 
9.13 Micro-etching the surface of the copper electrodes 
See Chapter 6, Section 6.4, Table 3 and Figure 23 
The surface of the copper foil used in the manufacture of the flexible laminate was 
treated with a chromate anti-oxidant coating. If not removed this was found to result in a 
resistance linearity factor greater than 1.0. The presence of the thin chromate film was 
associated with voltage dependent resistance, that is non-ohmic behaviour; producing 
a high resistance linearity factor. 
While it was initially believed that the chromate layer itself, being a thin insulating film on 
the surface of the copper, was responsible for non-ohmic behaviour, it is probable that it 
provides a surface energy condition that favours polymer wetting of the surface and flow 
between the copper surface and carbon particles adjacent to it. This is also discussed in 
Chapter 10, dealing with functional failure and in the conclusions at the end of this 
chapter. 
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The micro-roughening of the surface also served to increase the surface area presented 
to, and wetted by, the PTC polymer - so tending to reduce the resistance of the device 
produced by a given carbon content in the polymer. 
9.14 Under-cured laminate adhesive 
See 6.3 Table 2 and Figure 21 
It was found that under-cured polyester adhesive used for bonding copper foil to the 
base polyester film remained tacky after processing, indicating that the cross-linking 
reaction was not completed. The possibility existed, therefore, of free isocyanate cross-
linking agent or low molecular weight, un-polymerised fragments that could diffuse into 
the over-printed polymer and resulting in changes within that polymer. In spite of some 
indication of the presence of -CN and -NCO on the copper surface at the interface with 
the polymer, after removal of the polymer, it was unlikely that significant amounts of the 
isocyanate could remain after the aqueous processing stages since isocyanates react 
readily with water. 
Test results showed that circuits made from laminate in this condition exhibited 
increasing resistance during active ageing and resistance linearity> 1.0; most probably 
due to the 'poisoning' effect of low MW polymer fragments. This may be attributed to 
swelling of the polymer matrix, producing an effect similar to resulting from increasing 
temperature. It may also be contributing to interaction energy variation and wetting of 
the surfaces of the carbon particles and the copper pattern, thereby introducing inter-
particle and inter-particle - copper surface polymer films. 
9.15 Exposure to high temperatures 
See 6.9 Table 14 (resistance), Table 15 (resistance linearity) and Figure25 (powered 
ageing). Test samples were subjected to temperatures in the range 70'C to 130·C. 
The rapid increase in resistance after subjection to 130'C is shown in Table 14. 
The effect on resistance linearity, also, greatest for the 130'C condition, is given in 
Table 15 and on resistance recovery in Table 14. 
172 
9.16 Effect of process chemicals 
See 6.10, Figure26 and Table 17 
The possible effect of the absorbance of process chemicals by the etched copper 
circuits during passage through the aqueous solutions in the processline, and 
subsequent transfer to the polymer ink film was investigated by the addition of small 
amounts of each chemical to ink samples which were then used to print a number of 
test samples. 
Only the addition of ammoniacal etch ant and micro-etch solution increased the 
resistance linearity factor of the test samples. However, subsequent SSIMS and LIMA 
analysis of the adhesive regions revealed no traces of the etchant or micro-etchant 
chemistry. 
9.17 Effect of PTC polymer curing temperature and time 
See 6.8, Table 13 and Figure 23. 
The results indicated that higher curing temperatures and longer dwell times at 
temperature, resulted in higher resistance linearity factors. This is probably explained by 
the increased level of agglomeration and cluster size with the resulting reduction in the 
number of conductive pathways between opposing traces; this resulted in a lower 
number of complete trace to trace pathways and increased influence from voltage 
dependent electron tunnelling. 
9.18 Influence of surface finish of conductive pattern 
See Chapter 6, Section 6.7 and Table 10 
It has already been seen that a beneficial effect on resistance and resistance linearity 
was obtained by micro-etching the surface of the copper pattern. The effect of 
chemically changing the surface finish of the copper was investigated by applying 
electro-Iess deposits of tin and silver. 
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The control, with chromate surface treatment and the tin finished samples gave high 
linearity while the silver finished samples gave resistance linearity of 1.0. This may be 
due to the electrically conductive nature of silver compounds including silver oxide but 
may again be due to modification of the interaction energies in the interface. In this case 
the presence of silver could be lowering the surface energy of the copper conductors 
and so deterring polymer wetting and flow between the surface and adjacent carbon 
particles. 
9.19 Effect of carbon loading 
See Chapter 6, Section 6.12, Figure27(a) and Figure27(b) 
Examination of the records maintained by the manufacturing company indicated a 
possible relationship between the carbon content in the conductive polymer film and the 
variation of the factor from 1.0; the higher the carbon concentration, the closer the factor 
was to 1.0. 
A controlled series of experiments was conducted with polymer ink samples containing 
between 14% w/w and 20% w/w, in 2% steps. 
The results confirmed the relationship but also showed that as the carbon loading 
increased and moved away from the 'smeared region' 38 (as reported by Vysotskii and 
Roldugin 8). above the percolation threshold, the PTC characteristic reduced. 
The results of high temperature exposure tests on the samples also showed that the 
higher carbon loaded polymers were more tolerant of exposure to high temperatures, 
were more stable and their resistance recovered to a level closer to its initial value. 
9.20 Importance of mixing conditions 
Practical experience with the properties of a conductive polymer ink containing a fixed 
amount of carbon black, has revealed significant variability in the resistivity of the dried 
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films used in the monitoring test on ink batches. This variability has been noted as an 
uncontrolled factor in the attempts to predict the behaviour of conductive polymers 38. 
The PTC polymer inks which have been examined in this research have been mixed by 
the supplier under controlled conditions. The ink had a 50% solids content in the 
solvent, dimethylformamide. The procedure was to dissolve the polymer in half the 
solvent and to 'wet our the carbon black with the remainder. The two elements of the 
mixture were then blended together in a Silverson shearing mixer using a particular type 
of impeller. Process times and impeller speed were fixed in the attempt to control the 
dispersion of the carbon black in order to achieve homogeneity and consistent mix 
properties. 
Samples from each mix were tested for resistivity using the method described in 
Chapter 7, Section 7.1.1 and Figure30 and also for viscosity. 
Significant variation was measured in the resistivity of the tested samples from mixes 
containing the same amount of carbon black. Clearly, the distribution of the carbon in 
the 'as mixed' state and its level of aggregation determined the 'starting point' for the 
development of the structure of the conductive polymer during subsequent processing. 
Investigation of the variables in the mixing process in order to minimise variation in the 
composite is proposed in Chapter 11, dealing with future work. 
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9.21 Chapter 9 Conclusions 
• The properties of the conductive polymer examined in this research were 
determined by its macroscopic structure. That is, the segregation of the carbon 
black filler into clusters which appear to surround separate phases in the polymer. 
• The structure within the cluster is the same irrespective of the size of the cluster 
and the carbon concentration in the bulk of the polymer. 
• Each cluster consists of a network of carbon particles and aggregates of particles 
forming a conductive network within the cluster. 
• The conductivity of the polymer results from the formation of conductive 
pathways of inter-linked clusters between the electrodes. 
• The magnitude of the conductivity of the polymer depends on the number of 
conductive pathways and the resistance of each pathway. 
• The number of pathways is determined by the carbon concentration in the 
polymer and by its thermal treatment. Curing temperature above the melting 
point of the polymer is required to allow the formation of the clusters by 
aggregation of individual particles and small aggregates. 
• Below the percolation threshold there is insufficient carbon to permit the 
formation of any continuous pathways through the polymer. 
• The percolation threshold is determined by the polymer and the carbon particle 
size, conductivity and surface condition. It is also affected by the mixing process 
and the initial dispersion of the carbon. 
• Voltage dependent resistance, non-ohmic behaviour, results from discontinuities 
in carbon to carbon or carbon to metal electrode contact. This may result from 
wetting of the individual carbon particles by a thin polymer film, preventing actual 
carbon - carbon or carbon - metal contact or from carbon concentration just 
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above the percolation threshold - in the 'smeared' region of uncertainty - where 
the formation of continuous conducting clusters may not be complete. 
• The positive temperature coefficient of resistance is at its maximum just above 
the percolation threshold. This is the region of maximum uncertainty of 
resistance. Reliability requires compromise of a PTC characteristic in order to 
achieve resistance stability and operating performance. 
• Consideration of the findings of this study indicates that the following factors are 
crucial in the production of stable and reliable heating devices based on 
conductive polymers exhibiting a PTC effect: 
(i) Carbon loading; must be above the percolation threshold and outside the 
critical region of uncertainty resulting from variation in factors such as: particle 
size and surface condition, polymer structure and mixing conditions. 
(ii) Grade of carbon and in particular its particle size and surface condition. 
(Hi) Surface condition of the electrode material. 
(iv) With respect to (ii) and (iii), interaction energies between carbon and carbon, 
carbon and polymer, carbon and electrode surface and polymer and electrode 
surface. The ideal condition would maintain carbon to carbon and carbon to 
metal contact without any intervening polymer film. 
More detailed investigation of alternative grades of carbon with particular 
emphasis on properties affecting their interaction with the polymer is proposed in 
Section 11.3 
(v) Polymer structure involving two phases; one being wholly or partially 
crystalline and one having significantly greater affinity for carbon black - to 
restrict the carbon distribution to the phase boundaries, limit the amount of 
carbon required to exceed the percolation threshold and to provide the condition 
for anomalous percolation and a PTC characteristic. 
Further work to prove this structure is proposed in Section 11.2. 
• The functional failure that was examined had become very high in resistance due 
to the development of polymer rich layer, almost free of carbon, at the interface 
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with the copper traces. There was therefore almost no carbon to metal contact in 
the sample examined. Importantly, a more detailed explanation of the findings in 
relation to functional failure is given in Chapter 10. 
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CHAPTER 10 
SUMMARY OF ANALYTICAL RESULTS AND FINDINGS RELATING TO 
FUNCTIONAL FAILURES 
10. Introduction 
The occurrence of functional failure of the heating devices which form a central part of 
this investigation has been identified earlier in this document. 
Much of the early work concentrated on identifying the compositional, processing and 
operating conditions that lead to the development of very high electrical resistance and 
hence functional failure due to the absence of a heating effect. Subsequently, structural 
evidence has been obtained from the examination of a fracture section using FEGSEM. 
It is noted that the conductive polymer composite was applied in the form of an ink to 
the copper electrode pattern on the heater circuit. 
The base polymer was polyvinylidene fluoride, co-polymerised with hexafluoropropylene 
and tetrafluoroethylene; believed to be in the ratio 60:20:20. 
Carbon was incorporated in the form of carbon black having a mean particle size of 
55nm and confirmed by FEGSEM measurement, see Section 8.6. The proportion of 
carbon added was variable but was generally in the range 14% t015% w/w; this 
variation resulted from the method of controlling heater resistance which was through 
carbon loading and hence cured film resistivity. 
In all cases these were dried and cured at 115'C to 120'C. 
The behaviour of the cured film applied to the heater circuits, when subjected to various 
temperature and ageing conditions, has been established and the findings will now be 
summarised. 
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10.1 Findings relating to powered ageing tests and functional failure 
Examination of heater circuits which had functionally failed after exposure to service 
conditions in the laboratory or in the field, i.e. they had been powered at 13 volts DC on 
a cyclic basis, showed that their resistance had increased by one or more orders. 
Typically initial resistance values of 5 ohms to 10 ohms had increased to between 50 
ohms and over 1,000 ohms. 
Controlled laboratory testing in which the heaters were powered cyclically at 13 volts 
DC, 23 hours powered, 1 hour off, showed that the device based on the carbon loaded 
polymer film, was sensitive to: 
• the amount of carbon black filler in the polymer composite; this affected not only 
its resistivity but also its PTC characteristic and the resistance linearity factor, 
i.e., the incidence of non-ohmic behaviour; 
• the nature of the interface between the electrode pattern and the carbon loaded 
PTC polymer. Scanning electron microscopic examination of a heater circuit that 
had developed very high resistance after cyclic ageing, revealed evidence of 
discontinuities at the copper - polymer interface. See Figure 30, Chapter 6, 
Section 6.13.5; 
• the resistance linearity factor; factors over 1.2 indicated high probability of 
resistance increase during the cyclic ageing test; 
• Changing the surface of the copper traces by: 
electroless deposition of silver resulted in resistance linearity factors == 1.0 
electroless deposition of tin resulted in resistance linearity factors» 1.0; 
• The surface condition of the surface of the copper electrodes; in particular 
whether they had a micro-etched finish. Failure to micro-etch and remove the 
chromate anti-oxidation coating from the copper gave resistance linearity factors 
» 1.0; 
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• The temperature conditions to which they had been subjected during 
manufacture or subsequently. 
Observed darkening of the copper surface underneath the carbon loaded polymer film, 
suggested the presence of an oxide film or other products of chemical reaction. These 
factors strongly suggested that the copper polymer interface was central to the 
mechanism of functional failure. 
In view of this much analytical work, employing FTIR, AES, SSIMS and LIMA, was 
concentrated on the copper - polymer ink interface. The following conclusions were 
drawn: 
• there was no thick oxide layer on the copper surface; 
• apart from possible traces of carbon and nitrogen using AES and -CN when 
using SSIMS and LIMA, there was no substantial evidence of the product of 
chemical reaction on the copper surface. 
The slight trace of -CN resulted in persistence with interface analysis, FEGSEM being 
added to the list of analytical techniques. Here it may be noted that there was a 
theoretical possibility of reaction between a constituent of the adhesive bonding the 
copper pattern to the substrate polyester film and the copper surface in contact with the 
conductive polymer film. This adhesive was cross-linked with a di-isocyanate agent but 
an incomplete curing reaction could lead to the availability of unreacted isocyanate. 
There was evidence of incomplete cure of the adhesive, with 'tackiness' being present 
following exposure of the adhesive when the electrode pattern was etched. Traces of 
unreacted isocyanate were detected by FTIR analysis, which also indicated a long cure 
time for the laminate adhesive. 
Test results reported in Section 6.3 and Figure 21 showed that the cyclic ageing 
performance of heater circuits, that had used the under-cured adhesive, showed rapid 
increase in device resistance. 
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In the absence of convincing evidence, from the various analyses, of the presence of 
significant oxide or other products of chemical reaction at the interface further attempts 
were made to examine the structure of the conductive PTC polymer in the interface 
region. 
The difficulties encountered in obtaining satisfactory sections through actual heater 
circuits has been dealt with in the section dealing with sampling methods. However, 
after several abortive attempts, a fracture section was obtained through the interface 
region of a failed heater circuit using a cryoscopic technique - under liquid nitrogen. The 
resistance of this heater circuit had risen to 1,700 ohms during operation. The resulting 
sections were examined in the FEGSEM equipment and the micrographs are shown in 
Figure 44(a) (section through A) 
Figure 44(a): To show a section through the polymer film on functional 
failure; resistance 1,700 ohms 
FESEM image, [Ref. Figure 46 (section A)] 
Surface forming 
interface with copper 
is at top of image 
Polymer rich layer at 
interface 
It is seen that the layer of polymer, between 100nm and 500nm thick, immediately in 
contact with the copper surface contains very little, if any, carbon. In this region, 
therefore, the concentration of carbon was below the percolation threshold so it can be 
assumed that the conductivity of the polymer was very low. 
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Analysis was also performed on the surface of the polymer film interfaced with the 
copper. This showed no evidence of carbon particles in the polymer surface that could 
form a direct carbon - metal contact - surface B (see Figure 44(b». This surface was 
examined by using small pieces of the polymer film that had been detached from the 
copper during a tape adhesion test. 
In this context it is pertinent to note that the concentration of carbon in the polymer may 
be close to 14% w/w. The percolation threshold for the particular composite has been 
shown to be around 11 % w/w. See Chapter 7 
The sensitivity of the conductive polymers, composites close to their percolation 
thresholds, to a number of factors has been noted. 
Figure 44 (b): To show functional failure, resistance 1,700 ohms - surface in 
contact with copper trace 
FEGSEM image, [Ret. Figure 46 (surface B)] 
This image illustrates the absence of carbon penetrating through the polymer surface to 
make direct contact with the surface of the copper pattern. It is repeated in Figure 45b 
for comparison with the images obtained from the experimental samples using 
aluminium foil. 
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Figure 45(a to f): To show and compare FEGSEM images of the surface of the 
polymer at the interface with the copper or aluminium surface. 
Operational failure, 1,700 ohms 
Section through interface; carbon deficient 
layer at interface is visible at the top of the 
image. 
11.5% Carbon, air dried, surface in contact 
with aluminium 
Almost continuous area of carbon in contact 
Functional failure, resistance 1,700 ohms -
surface in contact with copper trace 
No carbon visible in the interface surface of 
the polymer film. 
11.5% Carbon, cured, in contact with 
aluminium surface. Agglomeration of "~I,hn.nI 
in to clusters is evident. 
Contact area of carbon with aluminium at 
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Figure 45e 
11.5% Carbon, air-dried, on AI. 
Sample in Figure 45c atx100,000 
General distribution of carbon particle 
aggregates, in the polymer surface, and 
below, at the interface with aluminium foil. 
Figure 45f 
11.5% Carbon, cured, interface, AI 
sample. 
Sample in Figure 45d at xi 00,000 
The formation of carbon particle clusters is 
evident with fewer particles, the brighter 
ones, available in the surface to contact 
the aluminium. 
10.2 The proposed functional failure mechanism 
A possible failure mechanism was proposed in Chapter 4. The schematic illustration of 
a cross section of a heater circuit is repeated in this Section, in Figure 46.The fracture 
section of the functional failure and the images of the polymer's copper electrode 
interface surface, show the region of polymer denuded of carbon. 
The fundamental cause of high resistance development has been confirmed, by the 
ongoing investigation, as failure of the interface between the conductive polymer 
composite and the copper electrode surface. 
However, failure of the interface, has been shown to be due to exclusion of the carbon 
particles from the interface layer, leaving a region virtually devoid of carbon and hence 
exhibiting very low conductivity. See Figures 44a and 44b and Figure 45a to 45f. 
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Note: Figures 44a and 45a are images of sections (A) through the polymer film. 
Figures 44b and 45b to 45f are images of the polymer surface (8) viewed normally to 
the surface; see Figure 46. 
Figure 46: To show a schematic of a section through a heater circuit - in relation 
to Figures 44a and 44b 
This situation arises because: 
The concentration of carbon in the polymer film is -14%w/w; this was too close to the 
percolation threshold that has been established for this particular conductive polymer 
composite as - 11 % w/w. This means that the composite conductive properties were 
tending into the 'smeared' region between non-conductivity and conductivity, sensitive 
to minor changes in carbon loading, processing and other uncontrollable factors. The 
probability of occurrence of discontinuities in the carbon chains in this region, was high 
when subjected to temperature change. Scanning electron micrographs showed that the 
region of the polymer film in contact with the copper surfaces had become denuded of 
carbon particles so that there was very little carbon to metal contact. 
The reason for the occurrence of this region at the interface has not so far been fully 
determined. However, it is conjectured that due to the low carbon concentration in the 
composite, the growth of the carbon clusters at elevated temperature, in the powered 
condition of the heater, concentrated the particles into the larger clusters. The effect in 
the interface region is to scavenge the smaller clusters and reduce the number of 
percolation paths which, in view of the already low carbon concentration, is likely to be 
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close to zero - as was the case for the sample examined. This effect may be 
emphasised by the asymmetry of the interface region. 
An alternative or complimentary explanation may be due to the surface condition of the 
carbon black particles. It appears from the FEGSEM images that the polymer does not 
fully wet the carbon surface. This condition is favourable to polymer conductivity and 
ohmic behaviour, since it precludes the presence of an adherent polymer film between 
the carbon particles. The presence of such an inter-particle film would introduce an 
element of electron tunnelling in to the conduction mechanism and hence non-ohmic 
behaviour. However, the apparent repulsion between the carbon and the polymer, while 
the surface of the copper traces are wetted by the polymer, could lead to the polymer 
film 'flowing' between the copper surface and the carbon particles at the interface. The 
result would also be non-ohmic behaviour and high resistance linearity, due to the need 
for electron tunnelling through the thin, mainly polymer, interface layer. 
This situation may result from the relative interfacial energies associated with polymer-
carbon and polymer-copper surfaces. It may be promoted by the superior wettability of 
the chromate passivated copper surface. The measured benefits in stability of 
resistance linearity and ohmic behaviour, due to micro-etching and removal of the 
chromate coating, may be explained by degradation of the wettability of the copper 
although adhesion is assisted by the mechanical key provided by the micro-roughened 
copper surface. 
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CHAPTER 11 
FUTURE WORK 
11. Introduction 
It is recognised that a number of aspects of materials processing and performance have 
not been addressed in the present study. Following are details of potential future work: 
11.1 Mixing conditions 
The variability in electrical resistance of separately produced batches of PTC polymer 
ink, nominally of the same composition, has been noted in Section 9.22. 
There is need for work to explore the variables in the mixing process in an attempt to 
minimise variations in the properties of the product. 
The use of surfactants to achieve more uniform and repeatable distribution of the 
carbon filler could be investigated 
11.2 Polymer structure I crystallinity 
In the foregoing investigation the macrostructure of the polymer has been shown to 
consist of a network of interconnected carbon clusters. It is this network, or 'infinite 
cluster' that renders conductivity to the polymer. 
It has been observed that the anomalous percolation behaviour of the polymers results 
from the concentration of the carbon clusters in the amorphous regions surrounding the 
crystalline areas 13. The pattern of distribution of the carbon revealed by the SEM 
images of sections through the polymer films appears to support this concept. However, 
the existence of two phases, one partially crystalline and one amorphous has still to be 
proved. 
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It is anticipated that this investigation would involve: 
• Differential scanning calorimetry (DSC) 
• Gel permeation chromatography (GPC) 
• Micro-thermal analysis (IlTA) 
• Nuclear magnetic resonance (NMR) 
• Wide angle X-ray crystallography 
This would establish phases and phase changes, degree of crystallinity and the 
chemistry and structure of the polymer phases. 
Further illustration of the formation of electrically conducting pathways through the 
polymer and their relation to its structure may be obtained by the use of conducting 
atomic force microscopy (C-AFM). This technique has been used to identify and 
quantify the conductive pathways present in composite electrodes made from carbon 
filled epoxy 39. 
11.3 Type and grade of carbon 
Reference has already been made to the conductive carbon filler incorporated in the 
PTC polymers that have been the subject of this work; see 6.12. 
The work reported here concentrated on one a particular type of conductive polymer 
exhibiting a PTC characteristic. The carbon employed in the formulation was a 
particular grade, Raven 14, which had been shown empirically, by laboratory testing, to 
produce a polymer with a significant PTC characteristic accompanied by reasonable 
resistance stability. 
It is clear from consideration of carbon properties that particle size is an important factor 
in determining the critical concentration of carbon in the mix and this as been 
demonstrated by theoretical calculation and particle size measurement; see Chapter 7. 
The supplier stated a mean particle diameter of 55nm for Raven 14 carbon black; this 
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was confirmed by the measurements made in the present study using sections through 
a cured polymer film. 
It has also been reported that if the polymer wets the surface of the carbon particles 
there may be a thin film of polymer between the particles in the clusters at all times thus 
creating the need for electron tunnelling to provide electrical conductivity. This must 
result in non-ohmic behaviour with a high resistance linearity factor. 
The best situation from the pOint of view of good conductivity, is non-wetting of the 
carbon by the polymer, so permitting carbon - carbon contact. 
The electrical measurements and FEGSEM images reported here indicate that the non-
wetting situation exists in the particular formulation investigated. The reason for this 
may be conjectured but there is a need establish the relationship between the physical 
and chemical properties of the carbon and its behaviour in the conductive polymer. 
The variables which might be explored include: 
• Particle size; 
• Surface area I porosity; indicated by its di-butylphthalate (DBP) absorbancy; 
• Surface chemistry and condition of particles, e.g. impurities, oxidation, pH; 
• Surface electrical charge; 
• Wetting by the polymer (interfacial energy). 
11.4 Functional failure. 
It has been established that the operational failures of this type of PTC polymer based 
heating circuits was due to the use of a carbon loading that was too close to the 
percolation threshold for the specific polymer formulation. 
An interface layer, denuded of carbon, had developed between the copper electrodes 
and the polymer; this had resulted in the heater device developing high electrical 
resistance and functional failure. 
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While the underlying cause was too little carbon in the polymer, the reason for the 
secondary effect at the interface has still to be established. Whether the movement of 
the carbon away from the copper could be due to a temperature gradient across the 
polymer film, an effect of carbon I polymer I copper interfacial energy, creating 
preferential wetting of the copper surface by the polymer, or the asymmetrical condition 
at the interface, or some other factor, needs to be determined. 
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APPENDICES 
APPENDIX 1 
Variable and test method summary 
Variable Test methods 
Electrical Analvtical 
Resistance Linearity RT cUlVe Resist. Powered DSC CASM FTlR SEM AES SSIMS LIMA Optical FEGSEM 
recovery ageing miero-
seODV 
Process related: 
Laminate as supplied ---:;r 
" " Ammoniacal etchant 
PTC polymer ink 
Circuit pattern after main 
" ammoniacal etch 
Cu adhesive, cure 
" " " Micro-etching of Cu 
" " " " Cr20l- removal from Cu 
" " " Chem'l contam. PTC 
" " " " " Benzotriazole coating 
" " 
...; 
Alt. Cu surface, Ag / Sn ...; ...; ...; 
Polymer cure, temp.ltime , ...; ...; ...; 
Mechanical stress , ...; 
Product related 
Unused heater circuit 
" " " " " 
...; ...; 
...J ...J ...J ...J 
" Production circuit, high ...J ...; ...J 
linearity = 1.79 
195 
Production circuit, low 
" " " linearity = 1.00 
Annealed 80'C / 100'C 
" " " for Ihour 
After powered ageing 
" " " " " PTC with 20% C, cured 
" " " " at 120'C for 5 mins. 
PTC with 13.5% C, cured -.J -.J 
at 120'C for 5 mins. 
Prodn. blend ink, cured 
" " 120"C/5 mins., annd. 
70'C for I hour 
PVDF based polymer 
" without carbon 
Functionally failed heater -.J ". 
" " " 
-.J 
" 
-.J 
circuit 
PTC polymer containing: 
" " 2%, 4%, 6%, 8%, 10%, 
10.5%, 11 %, 11.5%, 16% 
and 20% carbon 
Alternative polymer 
" " " " " containing: 20% and 
22% carbon 
PTC polymer / Cu 
-.J -.J 
electrode interface 
v· Test performed but resistance loo high for measurement wilh linearity tester. 
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APPENDIX 2 
(Ref. Chapter 6, Section 6.3) 
To show heater circuits made from copper clad polyester laminate described as 'sticky', i.e. with under cured adhesive. 
All samples subjected to 1 hr@ 100llC, then 60 
day powered ageing, as Section 5.2.5 
After Start of 
90'C/48hrs ageing 
Test time days) ·2 0 1 4 6 7 8 11 13 15 18 20 25 32 34 36 39 41 46 48 50 57 60 61 
Sample Un. Un. 
No. Initial Final 
1 1.03 6.11 6.95 7.00 7.67 7.90 8.33 8.84 8.90 9.06 9.22 9.28 9.56 9.81 10.53 10.68 10.78 10.81 10.8 11.04 11.22 11.28 11.56 11.68 11.39 1.06 
2 1.03 6.11 6.97 7.04 7.76 8.23 8.84 9.52 9.59 9.79 9.93 10.29 10.58 11.01 11.85 12.06 12.3 12.35 12.55 12.73 12.88 13.02 13.37 13.53 13.25 1.04 
3 1.04 6.14 6.94 7.26 8.24 8.32 8.82 9.39 9.36 9.46 9.73 9.99 10.26 10.77 11.75 12.04 12.4 12.52 12.94 13.28 13.57 13.71 14.38 14.64 13.9 1.09 
4 1.02 5.95 6.87 7.25 7.42 7.81 8.34 8.8 8.67 8.85 8.99 9.21 9.42 9.69 10.3 10.39 10.62 10.57 11.02 11.18 11.34 11.65 11.68 11.77 11.37 1.04 
5 1.04 6.24 7.04 7.36 8.81 8.85 8.96 9.05 8.89 8.87 8.9 8.91 8.92 8.95 8.93 8.91 8.97 8.97 10.27 11.13 11.78 12.19 13.46 13.97 13.13 1.06 
6 1.05 6.32 7.17 7.78 8.29 8.34 8.56 8.52 8.35 8.33 8.32 8.41 8.42 8.57 8.56 8.38 8.47 8.38 8.31 8.35 8.45 8.6 8.4 8.43 7.65 1.09 
8 1.04 6.77 7.35 7.68 8.24 8.84 9.14 9.58 9.28 9.39 9.69 9.96 10.26 10.69 11.52 11.66 11.91 11.95 23.33 26.58 28.62 30.18 35.12 37.63 33.07 1.21 
9 1.05 6.47 7.21 8.42 9.65 19.87 22.78 26.2 27.43 30.15 32.41 36.36 39.11 45.7 56.3 58.9 62.3 65.6 74 75.6 78.1 78.6 79.2 80.5 82.2 
10 1.05 6.46 7.21 8.23 9.10 9.04 9.68 10.60 10.56 10.85 11.15 11.49 11.85 12.29 13.03 13.17 13.44 13.45 25.38 28.83 30.97 32.43 36.42 38.56 33.49 1.25 
11 1.03 6.38 7.23 6.83 7.05 7.05 7.45 7.74 7.52 7.56 7.63 7.70 7.8 7.86 8.14 8.16 8.31 8.23 9.55 9.85 10.23 10.28 10.45 10.6 10.26 1.04 
12 1.03 6.57 7.24 7.39 8.42 14.10 15.76 17.96 18.32 19.20 19.75 21.20 22.41 24.93 29.56 30.7 32.1 33.94 44 49.7 53.4 56.3 62.8 66.9 75.1 
Room 
Temp. 'C 24 24 24 20 22 25 25 21 22 20 20 20 18 22 20 22 20 18 20 22 21 19 21 23 
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APPENDIX 3 
(Ref. Chapter 6, Section 6.9, Table 14) 
To show resistance recovery and powered ageing performance after exposure to 
temperatures - 70'C to 130'C- including linearity measurement. 
Recovery after 60 minutes 
exposure to hiah temperatures. 
1st 3 of each temperature 
subjected to 60 day ageing test. 
Remainder left to stand at 
room temperature. 
Test -3 -2.9 -2 -1 3 7 14 21 28 35 42 49 61 61 
time 
days) 
Un Lin 
Start End 
70.C 1 1.11 8.68 8.91 8.11 7.84 7.66 7.19 6.87 6.83 9.25 11.8 12.8 13.7 13.9 1.14 
2 1.06 7.61 8.06 7.51 7.32 7.02 6.83 6.85 7.09 8.79 9.25 9.48 9.71 9.71 1.07 
3 1.09 8.21 8.12 7.47 7.34 6.97 6.56 6.50 7.10 7.45 7.94 8.16 8.48 8.02 1.18 
4 8.49 8.96 8.21 7.97 8.15 8.05 7.95 7.84 7.87 7.77 7.65 
5 7.73 8.51 7.92 7.61 7.82 7.76 7.63 7.56 7.54 7.51 7.33 
6 8.27 9.29 8.52 8.29 8.53 8.38 8.30 8.25 8.19 8.13 7.96 
7 7.38 8.22 7.65 7.43 7.60 7.48 7.33 7.34 7.27 7.22 7.11 
8 7.99 8.75 8.17 7.91 8.04 7.93 7.84 7.83 7.83 7.76 7.6 
9 8.45 9.20 8.54 8.20 8.52 8.33 8.11 8.13 8.07 8.01 7.84 
10 7.85 8.51 7.82 7.61 7.83 7.61 7.46 7.53 7.6 7.37 
90.C 11 1.03 7.60 10.39 8.91 8.67 8.50 8.20 8.03 8.33 9.94 10.1 10.5 10.8 10.6 1.07 
12 1.03 7.52 10.33 8.85 8.63 8.43 8.01 7.88 8.07 9.54 9.59 10 10.3 10.4 1.05 
13 1.05 7.95 10.75 9.26 8.99 8.72 8.20 8.15 8.21 8.4 8.6 8.62 8.6 8.39 1.05 
14 8.40 10.75 8.76 8.52 8.60 8.52 8.21 8.27 8.3 8.13 7.95 
15 7.74 10.80 9.39 9.08 9.10 8.95 8.73 8.64 8.57 8.54 8.3 
16 7.80 9.75 8.63 8.42 8.56 8.44 8.24 8.24 8.07 8.09 7.99 
17 7.84 9.99 8.78 8.53 8.62 8.44 8.25 8.24 8.14 8.1 7.83 
18 7.66 9.83 8.67 8.45 8.43 8.36 8.11 8.15 8.03 8.02 7.73 
19 7.70 10.40 9.10 8.84 8.88 8.85 8.46 8.42 8.29 8.28 8 
20 7.72 11.05 9.56 9.26 9.35 9.18 8.83 8.74 8.59 8.56 
100.C 41 1.05 7.67 9.99 8.74 8.61 8.09 7.74 7.84 7.77 7.84 8.07 8.14 8.14 8.04 1.04 
42 1.00 7.81 10.39 9.03 8.79 8.12 7.5 7.26 7.19 7.22 7.32 7.27 7.28 7.17 1.03 
43 1.05 7.73 10.72 9.23 9.01 8.02 7.65 7.6 7.77 7.97 7.79 8.24 8.28 8.25 1.06 
44 7.52 11.75 10.19 9.93 9.83 9.11 9.05 8.91 8.9 8.68 
45 7.60 12.90 11.00 10.7 10.6 9.71 9.66 9.48 9.52 9.36 
46 7.09 10.66 9.23 9.04 8.99 8.42 8.39 8.25 8.23 7.95 
47 7.99 12.92 10.94 10.7 10.4 9.58 9.55 9.32 9.33 
110.C 21 1.05 7.26 10.84 8.97 8.73 8.98 8.67 10.35 12.05 16.8 18.1 19.2 20 19.6 1.19 
198 
22 1.02 7.23 10.03 9.15 8.83 9.03 8.74 12.36 13.73 14.9 15.8 16.6 17.2 16.9 1.13 
23 1.01 6.53 13.32 8.74 8.52 8.36 8.20 8.24 8.45 8.56 8.84 8.93 9 9.08 1.04 
24 8.47 12.57 11.29 10.67 10.63 9.61 9.96 10.05 9.6 9.94 9.31 
25 7.88 12.78 10.81 10.26 10.20 10.33 9.77 9.52 9.33 9.35 9.03 
26 7.91 12.89 10.97 10.46 10.30 9.77 9.78 9.56 9.56 9.19 
27 8.04 11.80 11.15 10.58 10.43 10.05 9.89 10.16 9.73 9.78 9.43 
28 7.79 12.49 10.17 9.79 9.70 10.31 9.28 9.27 9.14 9.2 8.85 
29 7.81 12.49 10.67 10.29 10.10 9.95 9.73 9.59 9.61 9.52 9.1 
30 7.83 13.11 11.17 10.67 10.54 10.27 9.92 9.86 9.63 9.83 
1300C 31 1.01 6.94 12.03 10.19 10.02 26.49 39.30 64.30 101.5 148 205 281 374 580 
32 1.05 7.59 50.10 11.02 10.75 27.33 41.85 68.10 98.4 135 179 239 296 432 
33 1.04 8.44 50.40 11.44 11.12 37.98 34.62 65.70 98.2 150 171 218 261 351 
34 7.47 13.44 11.48 11.05 10.83 10.31 10.23 10.06 9.98 9.8 9.32 
35 8.24 52.70 13.04 12.52 12.16 9.56 11.27 11.27 10.9 11.1 10.5 
36 7.48 13.63 11.71 11.32 11.05 9.98 10.36 10.37 10.1 10.2 9.94 
37 7.16 48.4 12.37 11.46 11.19 10.33 10.54 10.55 10.3 10.4 10 
38 7.27 52.70 10.78 10.50 10.27 10.78 9.80 9.84 9.65 9.76 9.56 
39 7.27 53.20 11.02 10.73 10.48 11.88 10.05 9.99 9.85 9.9 9.66 
40 7.08 52.90 11.66 11.32 10.97 10.91 10.30 10.36 10 10.1 
Mean 
s1anding 
70 1.09 8.02 8.78 8.12 7.86 8.07 7.93 7.80 7.78 7.77 7.68 7.58 
90 1.04 7.84 10.37 8.98 8.73 8.79 8.68 8.40 8.39 8.28 8.25 7.97 
100 1.03 7.55 12.06 10.34 10.09 9.95 4Q.52 9.21 9.16 8.99 9.00 8.66 
110 1.03 7.96 12.59 10.89 10.39 10.27 10.09 9.76 9.75 9.51 9.60 9.15 
130 1.03 7.42 41.00 11.72 11.27 10.99 10.54 10.36 10.35 10.11 10.18 9.84 
Mean ageing 
70 1.09 8.17 8.36 7.70 7.50 7.22 6.86 6.74 7.01 8.50 9.66 10.15 10.64 10.54 1.13 
90 1.04 7.69 10.49 9.01 8.76 8.55 8.14 8.02 8.20 9.29 9.44 9.73 9.91 9.77 1.06 
100 1.03 7.74 10.37 9.00 8.80 8.08 7.63 7.50 7.58 7.68 7.73 7.88 7.90 7.82 1.04 
110 1.03 7.01 11.40 8.95 8.69 8.79 8.54 10.32 11.41 13.42 14.25 14.90 15.39 15.18 1.12 
130 1.03 7.66 37.51 10.88 10.63 30.6 38.59 66.0 99.37 146 185 246 310 454 .. 
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APPENDIX 4 
(Ref: Chapter 6, Section 6.9) 
To show effect of high temperature exposure on resistance linearity 
Performance after 60 minutes exposure to 
high temperatures. 
First 3 of each group assembled and subjected 
powered ageing test. as Section 5.2.5, for 7 
days; remainder are bare heaters recovering at 
room temp. 
I 
Date 01/15 01/15 01/16 01/17 01/20 01/22 Date 
Test time 0 0.059 1 2 5 7 Testtime 
(days days) 
Sample 
70.C 1 1.11 1.09 1.08 1.09 70.C 
2 1.05 1.06 1.04 1.08 
3 1.09 1.07 1.05 1.09 
4 1.02 1.04 1.03 1.07 1.15 1.02 
5 1.06 1.07 1.06 1.09 1.07 1.05 
6 1.05 1.08 1.06 1.09 1.10 1.05 
7 1.02 1.04 1.03 1.07 1.07 1.02 
8 1.06 1.06 1.05 1.08 1.04 1.04 
9 1.08 1.07 1.05 1.09 1.18 1.05 
10 1.03 1.05 1.03 1.07 1.06 1.03 
90.C 11 1.03 1.14 1.10 1.12 90.C 
12 1.03 1.14 1.10 1.13 
13 1.05 1.16 1.12 1.15 
14 1.04 1.16 1.12 1.15 1.11 1.11 
15 1.03 1.17 1.13 1.15 1.11 1.11 
16 1.02 1.17 1.13 1.15 1.12 1.11 
17 1.00 1.19 1.15 1.16 1.18 1.14 
18 1.04 1.19 1.14 1.17 1.13 1.14 
19 1.03 1.19 1.15 1.17 1.15 1.13 
20 1.04 1.21 1.16 1.18 1.17 1.15 
100. 41 1.05 1.39 1.34 1.27 100.C 
C 
42 1.00 1.18 1.24 1.12 
43 1.05 1.32 1.28 1.19 
44 1.03 1.48 1.41 1.24 1.41 1.42 
45 1.03 1.51 1.52 1.27 1.53 1.55 
46 1.02 1.43 1.38 1.25 1.37 
47 1.05 1.43 1.48 1.33 1.5 1.51 
110. 21 1.04 1.59 1.43 1.60 110.C 
C 
22 1.02 1.50 1.46 1.47 
23 1.02 1.95 1.39 1.40 
24 1.03 1.81 1.79 1.63 1.74 1.76 
200 
25 1.03 1.78 1.62 1.61 1.63 1.63 
26 1.03 1.96 1.60 1.58 1.60 1.61 
27 1.05 1.77 1.75 1.75 1.77 1.81 
28 1.04 1.85 1.41 1.39 1.59 
29 1.03 1.85 1.66 1.65 1.69 1.70 
30 1.05 1.60 1.65 1.66 1.69 1.72 
130", 31 1.02 3.06 2.97 130",C 
C 
32 1.05 3.65 3.37 
33 1.05 4.30 3.26 
34 1.01 2.93 2.83 2.60 2.89 
35 1.06 3.36 3.21 2.89 3.34 
36 1.04 3.10 3.02 
37 1.04 3.96 3.29 2.81 3.35 
38 1.05 4.06 3.75 3.08 3.65 
39 1.05 4.00 3.67 2.96 3.71 
40 1.04 3.76 3.48 2.85 3.55 
Mean Mean 
Un 70 1.06 1.06 1.05 1.08 1.10 1.04 Lin 
13V 90 1.03 1.17 1.13 1.15 1.14 1.13 13V 
100 1.03 1.39 1.36 1.24 1.45 1.49 
110 1.03 1.77 1.56 1.57 1.67 1.71 
130 1.04 3.63 3.29 2.87 3.45 
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APPENDIX 5 
(Ref: Chapter 7. Section 7.1) 
To show conductivity v carbon loading 
sistivity samples -
dried 
pi. Carbon Voltage Current Voltage Current Voltage Current Voltage Current Voltage Current Voltage CUrrent 
% Volts mAmps. Volts mAmp. Volts mAmps. Volts mAmps. Volts mAmp. Voltage mAmps. 
- 10 0.5 0 1 0 2 0 5 0 10 0 
0 0 0 0 0.01 
0 0 0 0 0.01 
0 0 0 0 0 
0 0 0 0 0.01 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0.01 
0 0 0 0 0.05 
0 0 0 0 0.01 
0 0 0 0 0.01 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
Mean 0 0 0 0 0.006 
Std. 0 0 0 0 0.011 
Dev. 
- 11.5 0.5 0.5 1 1.2 2 2.4 5 6 10 12 
0.5 1.5 3 7.6 15 
1.2 2.5 5.1 12.6 25.1 
0.2 0.5 1.2 3 5.9 
0.6 1.6 3.2 8 15.8 
0.5 1.3 2.6 6.4 12.7 
0.5 1.2 2.5 6.3 12.5 
0.9 1.9 3.8 9.3 18.4 
1.2 2.6 5.3 13.3 26.1 
0.8 1.7 3.5 8.8 17.8 
0.8 1.7 3.4 8.6 17.7 
1.1 2.2 4.4 11 21.1 
0.7 1.5 3 7.5 15 
0.6 1.1 2.4 6 11.9 
1.6 3.2 6.5 16 30 
1.3 2.7 5.5 13.7 27.8 
1.1 2.2 4.5 11.3 22.6 
1.2 2.4 4.8 12 23.4 
202 
1.1 2.2 4.5 11.2 22.2 
1.2 2.5 5.2 12.9 25.4 
Mean 0.880 1.885 3.840 9.575 18.92 
0 
Std 0.362 0.668 1.339 3.307 6.377 
Dey 
20 0.5 0.4 1 1 2 1.8 5 3.6 10 4.4 
0.6 1.2 2.5 5.1 5.5 
1.1 2.3 4.7 10 11.5 
1.2 2.5 5 10.1 10.6 
0.5 1.2 2.3 3.6 3 
2.7 5 10.2 19 9.1 
1.1 2.3 4.7 9.1 8.5 
3.8 7.6 15.1 30 16.6 
3.3 6.7 13.3 28 15.7 
2.1 4.3 8.6 12.4 5.6 
2.5 4.9 9.8 21.3 11.6 
1.3 2.6 5.2 9.3 3.6 
3.3 6.5 11.5 26 18.2 
4.2 8.5 17.2 42 52 
2.3 4.7 9.3 23.8 19 
2 4.7 8.1 18 25.1 
3.2 6.5 11.1 25.2 21.3 
3.5 7.1 14.3 34.3 12.7 
3.9 7.9 16 38.5 31.8 
4 8.2 16.5 39.2 45.1 
Mean 2.350 4.785 9.360 20.42 16.54 
5 5 
Std 1.271 2.520 4.994 12.33 13.32 
Dey 9 0 
16 0.5 2.31 1 4.63 2 9.31 5 22.65 10 44.91 13 53.62 
2.16 4.35 8.75 21.69 41.1 43.88 
2.17 4.39 8.83 21.89 43.62 49.49 
2.24 4.52 9.1 20.95 43.5 47.79 
2.5 5.03 10.14 25.27 49 54.71 
2.54 5.11 10.26 22.34 45.92 53.61 
2.22 4.48 9.02 22 43.7 51.85 
2.19 4.39 8.83 21.97 42.6 29.63 
2.7 5.42 10.94 27.3 51 54.62 
3.26 6.56 13.3 33.5 62.84 62.37 
2.15 4.33 8.71 21.74 42.1 54.82 
1.71 3.44 6.91 17.18 42.06 41.6 
1.72 3.45 6.94 17.36 33.67 42.97 
1.3 2.62 5.28 13.21 29.62 33.42 
1.66 3.35 6.75 16.81 33.75 42.19 
2.16 4.39 8.83 22 43 47.8 
2.08 4.24 8.53 21.36 41.95 51.55 
2.09 4.21 8.49 21.09 41.25 42.01 
2.23 4.49 9.01 22.42 44 46.8 
2.36 4.74 9.52 23.71 46.94 51.08 
Mean 2.188 4.407 8.873 21.82 43.32 47.79 
2 7 1 
Std 0.412 0.826 1.677 4.139 6.816 7.772 
Dey 
-
10.5 0.5 0.14 1 0.29 2 0.59 5 1.5 10 3.07 13 3.38 
203 
0.12 0.25 0.51 1.3 2.66 2.93 
0.12 0.24 0.49 1.26 2.62 2.91 
0.1 0.22 0.45 1.14 2.37 2.64 
0.11 0.23 0.48 1.24 2.53 2.8 
0.12 0.26 0.52 1.32 2.72 3.02 
0.1 0.21 0.42 1.1 2.33 2.59 
0.09 0.19 0.39 1.01 2.12 2.36 
0.09 0.19 0.38 0.99 2.1 2.33 
0.09 0.18 0.38 0.98 2.04 .2.26 
Mean 0.108 0.226 0.461 1.184 2.456 2.722 
Std 0.017 0.035 0.070 0.170 0.326 0.354 
Oev 
11 0.5 0.47 1 0.95 2 1.91 5 4.84 10 9.8 13 12.98 
0.49 0.99 2 5.06 10.33 13.6 
0.49 0.99 1.99 5.04 10.23 13.49 
0.42 0.86 1.73 4.39 8.96 11.98 
0.6 1.22 2.45 6.22 12.66 16.59 
0.55 1.12 2.24 5.63 11.37 14.83 
0.55 1.11 2.22 5.6 11.3 14.71 
0.52 1.05 2.11 5.31 10.57 13.85 
0.48 0.98 1.97 4.97 10.01 13.21 
0.53 1.09 2.2 5.55 11.26 14.61 
Mean 0.51 1.036 2.082 5.261 10.64 13.98 
9 5 
Std 0.051 0.103 0.204 0.513 1.034 1.267 
Oev 
ier cure at 120·C 
·6mins. 
8 0.5 0 1 0.01 2 0.02 5 0 10 0 13 0 
0 0 0 0 0 0 
0 0.01 0 0 0 
0 0.01 0.01 0 0 0 
0 0 0 0 0 0 
0 0 0.01 0 0 0 
0 0 0.01 0 0 0 
0 0.01 0.01 0 0 0 
0 0.01 0 0 0 0 
0 0 0.01 0 0 0 
0 0.01 0.01 0 0 0 
0 0 0 0 0 0 
0 0.01 0.01 0 0 0 
0 0.01 0.01 0 0 0 
0 0 0 0 0 0 
0 0.01 0 0 0 0 
0 0.01 0.01 0 0 0 
0 0.01 0.01 0 0 0 
0 0 0.01 0 0 0 
0 0.01 0.01 0 0 0 
Mean 0 0.006 0.008 0.000 0.000 0.000 
Std 0 0.005 0.006 0.000 0.000 0.000 
Oev 
-
10 0.5 0 1 0 2 0.01 5 0 10 0.01 13 0.01 
0 0 0 0.01 0.01 0.02 
204 
0 0.01 0.01 0 0.01 0.02 
0 0.02 0.02 0.01 0.01 0.02 
0 0 0.02 0 0.01 0.01 
0 0.01 0.01 0.D1 0.01 0.02 
0 0 0.02 0 0.01 0.02 
0 0 0.01 0.01 0.02 0.03 
0 0.01 0.02 0.01 0.05 0.08 
0 0.01 0.02 0.01 0.02 0.04 
0 0.01 0.01 0.01 0.02 0.03 
0 0 0 0 0.01 0.02 
0 0 0.02 0.01 0.02 0.03 
0 0 0.01 0.01 0.02 0.03 
0 0.01 0 0 0.01 0.02 
0 0 0.02 0.D1 0.01 0.03 
0 0.01 0.02 0.01 0.02 0.03 
0 0.01 0.01 0.01 0.02 0.04 
0 0 0.D2 0 0.01 0.02 
0 0.01 0.02 0 0.01 0.02 
Mean 0 0.006 0.014 0.006 0.016 0.027 
Std 0 0.006 0.007 0.005 0.009 0.015 
Dev 
11.5 0.5 0.05 1 0.13 2 0.28 5 0.7 10 1.41 13 1.84 
0.05 0.12 0.27 0.7 1.47 1.91 
0.18 0.38 0.77 1.92 3.75 4.76 
0.04 0.09 0.2 0.51 1.05 1.38 
0.05 0.12 0.27 0.7 1.51 1.98 
0.06 0.13 0.29 0.72 1.48 1.89 
0.05 0.11 0.25 0.63 1.33 1.74 
0.1 0.21 0.45 1.11 2.21 2.83 
0.21 0.44 0.91 2.26 4.28 5.35 
0.1 0.22 0.45 1.13 2.27 2.95 
0.06 0.2 0.42 1.03 2.06 2.68 
0.05 0.33 0.66 1.68 3.33 4.23 
0.1 0.2 0.43 1.08 2.16 2.76 
0.08 0.18 0.38 0.97 1.93 2.49 
0.33 0.66 1.37 3.38 6.69 8.13 
0.28 0.57 1.17 2.94 5.57 7.63 
0.17 0.35 0.71 1.81 3.45 4.5 
0.19 0.41 0.83 2.09 4.03 5.06 
0.17 0.36 0.73 1.85 3.58 4.42 
0.23 0.47 0.95 2.37 4.6 5.72 
Mean 0.128 0.284 0.590 1.479 2.908 3.713 
Std 0.087 0.166 0.333 0.825 1.563 1.962 
Dev 
20 0.5 0.84 1 1.72 2 3.84 5 8.1 10 15.29 13 19.24 
0.64 1.31 2.64 6.54 11.98 16.28 
0.91 1.86 3.74 9.3 18.2 22.19 
0.93 1.91 3.83 9.5 17.6 20.74 
0.62 1.26 2.55 5.99 11.06 10.57 
0.93 1.9 3.8 9.47 16.4 23.33 
0.96 1.96 3.92 9.8 19.53 24.02 
0.97 1.99 4 10.07 18.28 23.9 
1.05 2.13 4.08 10.25 19.55 25.8 
0.8 1.62 3.27 8.08 14.34 14.49 
205 
0.87 1.78 3.52 8.66 16.06 21.32 
0.51 1.05 2.05 5.22 6.29 8.23 
0.88 1.8 3.62 9.01 17.47 21.62 
1.01 2.06 4.15 10.44 20.53 20.19 
0.58 0.83 1.75 4.98 10.42 13.13 
0.96 1.95 3.9 9.82 18.5 20.8 
0.89 1.75 3.57 8.9 17 22.82 
0.95 1.93 3.9 9.61 18.27 23.89 
0.92 1.89 3.82 9.54 18.07 22.46 
1 2.05 4.14 10.02 19.11 22.93 
Mean 0.854 1.721 3.471 8.594 16.04 19.73 
4 8 
Std 0.153 0.353 0.698 1.677 3.666 4.831 
Dev 
16 0.5 0.45 1 0.9 2 1.85 5 4.57 10 9 13 11.57 
0.42 0.85 1.75 4.33 8.65 10.58 
0.41 0.83 1.76 4.34 8.39 11.4 
0.41 0.83 1.73 4.26 8.45 10.82 
0.45 0.91 1.89 4.68 9.17 12.01 
0.46 0.94 1.93 4.81 9.08 12.02 
0.41 0.86 1.76 4.34 8.71 10.93 
0.39 0.86 1.69 4.2 8.3 11.03 
0.48 0.99 2.05 5.13 10.12 13.52 
0.58 1.18 2.44 6.16 12.3 15.03 
0.31 0.64 1.31 3.31 6.8 8.96 
0.3 0.61 1.28 3.14 6.28 8.01 
0.24 0.62 1.29 3.21 6.28 8.26 
0.24 0.49 1.01 2.52 5.02 6.58 
0.29 0.6 1.24 3.11 6.16 8.06 
0.41 0.84 1.72 4.34 7.72 11.21 
0.38 0.79 1.63 4.05 7.7 10.11 
0.34 0.71 1.47 3.67 7.15 9.32 
0.37 0.77 1.58 3.94 7.97 10.19 
0.39 0.81 1.66 4.15 8.16 10.68 
Mean 0.387 0.802 1.652 4.113 8.071 10.51 
5 
Std 0.083 0.158 0.325 0.816 1.595 1.971 
Dev 
-
10.5 0.5 0.02 1 0.04 2 0.08 5 0.23 10 0.49 13 0.66 
0.01 0.03 0.07 0.19 0.43 0.57 
0.01 0.03 0.06 0.19 0.42 0.56 
0.01 0.03 0.06 0.17 0.38 0.52 
0.01 0.03 0.06 0.17 0.38 0.51 
0.01 0.03 0.07 0.2 0.46 0.62 
0.01 0.03 0.06 0.19 0.43 0.59 
0.01 0.03 0.06 0.17 0.39 0.53 
0.01 0.03 0.06 0.17 0.39 0.52 
0.01 0.02 0.05 0.16 0.36 0.48 
Mean 0.011 0.03 0.063 0.184 0.413 0.556 
Std 0.003 0.005 0.008 0.021 0.041 0.055 
Dev 
- 11 0.5 0 1 0.03 2 0.28 5 0.72 10 1.59 13 2.11 
0.06 0.04 0.29 0.77 1.68 2.26 
206 
0.06 0.14 0.29 0.78 1.72 2.31 
0.06 0.03 0.26 0.69 1.53 2.06 
0.09 0.18 0.38 1.01 2.26 3.08 
0.Q7 0.16 0.33 0.87 1.85 2.47 
0.Q7 0.16 0.33 0.88 1.89 2.53 
0.07 0.15 0.32 0.83 1.76 2.35 
0.07 0.15 0.3 0.79 1.67 2.22 
0.07 0.16 0.34 0.89 1.93 2.58 
Mean 0.062 0.120 0.312 0.823 1.788 2.397 
Std 0.023 0.061 0.035 0.094 0.209 0.294 
Dev 
mmary - Resistivity vs 
rbon % 
Dried 
Carbo Voltag Curre Std 
n e nt Dev 
% Volts mA 
10 0.5 0 0 
1 0 0 
2 0 0 
5 0 0 
10 0.006 0.011 
13 
10.5 0.5 0.108 0.017 
1 0.226 0.035 
2 0.461 0.07 
5 1.184 0.17 
10 2.456 0.326 
13 2.722 0.354 
11 0.5 0.51 0.051 
1 1.036 0.103 
2 2.082 0.204 
5 5.261 0.513 
10 10.64 1.034 
9 
13 13.98 1.267 
5 
11.5 0.5 0.88 0.362 
1 1.885 0.668 
2 3.84 1.339 
5 9.575 3.307 
10 18.92 6.337 
13 
16 0.5 2.188 0.412 
1 4.407 0.826 
2 8.873 1.677 
5 21.82 4.139 
2 
10 43.32 6.816 
7 
13 47.79 7.772 
1 
20 0.5 2.35 1.271 
1 4.785 2.52 
2 9.36 4.994 
5 20.42 12.33 
5 9 
10 16.54 13.32 
5 
13 
207 
I I 
er cure at 120·C 
6mins. 
8 0 
06 ! 0.005 
08 10.006 
0 
0 
0.00 
0.01 
5 O.uu 
10 0.01 10.009 
13 0.027 10.015 
10.5 11 10.003 
10.00 
.00 
~ 
11 0.5 O.Ut lom; 
1 O. 10.061 
2 12 10.035 
!3 10.094 
18 10.209 
17 10.294 
1.5. i I 5 1. i 10 2.908 13 3.7'13 
16 0.5 a.'", 10.oa; 
1 0.802 '0.158 
52 0.325 
13 0.816 
r1 1.595 
5;1 11.971 
20 ;4 '0.153 
10.353 
16:t· if 
13 119873 4.831 
r dried 
le" ••• (mAl 
% I VOllag. 0.5 1 2 5 10 13 
8 0 0 0 
10 0 .006 0 
10.5 08 .226 0.· 61 1. 84 '.456 ~ 11 o ;1 1.036 2.1 82 5.,61 10964 5 
11.5 1.88 ~ :::3 9.575 18.92 16 12.188 21i82 43:/2 147;79 
20 2.35 4.785 9.36 20.42 0 0 
208 
After cure at 120'C for 6 
mins. 
8 0 0.006 0.008 0 0 0 
10 0 0.006 0.014 0.006 0.Q16 0.027 
10.5 0.011 0.03 0.063 0.184 0.413 0.556 
11 0.062 0.12 0.312 0.823 1.788 2.397 
11.5 0.128 0.284 0.59 1.479 2.908 3.713 
16 0.387 0.802 1.652 4.113 8.071 10.51 
5 
20 0.854 1.721 3.471 8.594 16.04 19.73 
4 8 
:ernative PTC polymer 
fiar SN1 
'drled 
npl Carbo Valtag Curre Valtag Curre Valtag Curre Valtag Curre Valtag Current 
, n e nt e nt e nt e nt e 
% Volts mA Volts mA Volts mA Volts mA Volts mA 
1- 22 0.5 0.24 1 0.49 2 1 5 2.51 10 5.02 
" 0.29 0.54 1.13 2.87 5.84 
0.29 0.59 1.19 2.99 6.07 
0.26 0.52 0.99 2.51 5.17 
0.28 0.56 1.11 2.59 5.37 
0.22 0.42 0.89 2.27 4.63 
0.27 0.45 0.95 2.41 4.92 
0.23 0.45 0.91 2.31 4.62 
0.28 0.56 1.09 2.86 5.68 
0.27 0.41 0.84 2.16 5.58 
0.24 0.45 0.92 2.29 4.61 
0.27 0.55 1.1 2.7 5.44 
0.28 0.56 1.02 2.62 5.41 
0.28 0.57 1.13 2.84 5.8 
0.3 0.6 1.16 2.79 5.92 
0.25 0.52 1.03 2.64 4.54 
0.29 0.6 1.19 3 5.58 
0.24 0.49 0.89 2.35 4.73 
0.26 0.54 1.02 2.59 5.24 
0.29 0.59 1.14 2.79 3.91 
Mean 0.267 0.523 1.035 2.605 5.204 
Std 0.023 0.061 0.109 0.250 0.568 
DeY 
05- 20 0.5 0.22 1 0.45 2 0.86 5 2.04 10 4.2 
~Uq 
0.2 0.39 0.76 1.91 3.92 
0.19 0.38 0.73 1.92 3.91 
0.21 0.38 0.73 1.95 4 
0.2 0.41 0.74 1.86 3.8 
0.2 0.41 0.8 1.99 3.79 
0.22 0.43 0.85 2.02 4.14 
0.18 0.35 0.7 1.8 3.64 
0.18 0.32 0.66 1.67 3.42 
0.2 0.39 0.75 1.86 3.71 
0.11 0.21 0.43 1.02 2.08 
0.14 0.28 0.56 1.38 2.78 
0.12 0.24 0.48 1.16 2.33 
0.13 0.26 0.52 1.31 2.63 
0.15 0.3 0.54 1.36 2.77 
0.14 0.29 0.56 1.37 2.73 
0.13 0.27 0.53 1.31 2.68 
0.12 0.24 0.48 1.19 2.41 
0.12 0.23 0.47 1.18 2.34 
0.12 0.22 0.45 1.13 2.3 
Mean 0.164 0.323 0.63 1.572 3.225 
Std 0.039 0.078 0.142 0.358 0.729 
Dey 
209 
5 0.81 10 1.64 ~! 18 0.5 0.08 10.17 2 0.31 
~~--~o,OO.0m--+~r-+nO..r.'6~--T--rn~==t=~~~mtt=~=+==~~~ 
-+ __ +-~L~OJ .. U~ __ +-~ __ ~*0.~1 __ 4--'~-+~~-,~-+ __ +i~ __ r--+ __ ,r-f~~ 
0.0 0.18 ~ 
Ij 0.16 _~ 0.83 ...1B 
0.1 ....QJ.E 0.43 ~ 
1.2: 0.5E 
o. 
~-+--~~(--~+-~~--r-+-~~ 0.0 '.38 
IMean I 0.079 
I~~v 1 0.014 
lar SN1 PTC cured at 
~OC for 6 mins 
~~; 2< 0.5 0.14 
0.( 
o. 
o . 
. ( 
o. 
u 
O. 
0.18 0.29 
0.15 .0...;3 
0.15 ....Qd1 
0.17 ~ 
0.2: 
0.2 
0.24 
0.3E 
o 
0.2( 
0.2· 
0.3· 
.291 
0.091 
1.301 
0.06· 
2 U.7, 
---+---+--t-";:@ 
0.54 
0.6, 
I 0.71: 
I 0.14E 
mt 
1.631 
Gi 96 
1.85 
0.75 ~ 
0.7" ~ 
0.84 -.!.l 
~7.4--+--I--f-~~~ I 0.149 U.284 
5 2., 1l 4.81 
2.06 
1.8 
2.7 
2.59 
2.08 __ -+-__ +--I __ ~ 
@-t---+---+--~ 
1.9£ 
2.0, 
2.4£ 
2.324 
I 0.304 
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APPENDIX 6 
To show measurement of carbon particle size 
(Ref: Chapter 8, Section 8.6) 
To show measurement of 200nm scale in - pixels 
200 nm scale Pixel value Pixel value 
X1 X2 
20 77 
X2-X1 
57 
From this table it is seen that tile 200nm scale, superimposed on the SEM image of a 
carbon cluster, is equal to 57 pixels. 
To show detailed measurement of particle size - in pixels 
Carbon particles Pixel value Pixel value 
X1 X2 X2-X1 
1 195 210 15 
2 288 301 13 
3 281 295 14 
4 322 335 13 
5 404 419 15 
6 317 332 15 
7 377 396 19 
8 363 378 15 
9 278 292 14 
10 225 237 12 
11 63 74 11 
12 72 86 14 
13 154 168 14 
14 79 93 14 
15 225 236 11 
16 230 241 11 
. 
17 388 401 13 
18 132 146 14 
19 142 153 11 
211 
20 138 152 14 
21 297 308 11 
22 285 296 11 
23 301 312 11 
24 320 336 16 
25 322 339 17 
26 326 340 14 
27 299 313 14 
28 308 323 15 
29 319 331 12 
30 365 381 16 
31 167 185 18 
32 416 436 20 
33 315 333 18 
34 72 89 17 
35 90 106 16 
36 167 186 19 
37 144 164 20 
38 391 405 14 
39 401 417 16 
40 424 439 15 
41 326 340 14 
42 240 252 12 
43 343 358 15 
44 327 339 12 
45 279 294 15 
46 148 163 15 
47 118 132 14 
48 165 178 13 
49 328 343 15 
50 410 423 13 
Mean (X2 - X1) 14.4 
Std. devn. (0) 2.3 
212 
From the above tabulation of particle and scale measurement, the mean particle 
diameter can be calculated: 
Particle diameter = (14.4/57) x 200 nm 
= 50.5nm 
Std. devn. =(2.31 57) x 200 
= 8.2nm 
213 
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